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Abstract 
 
Central to the comprehensive scientific topics for electronic applications such as organic field-
effect transistors (OFETs), organic photovoltaics (OPVs), and organic light emitting diodes (OLEDs), 
is a concept of semiconducting conjugated polymers with several-fold advantages: light weight, 
mechanical flexibility and low-cost fabrication. Exploited with several-fold advantages of easy 
modulation in optoelectronic properties and synthetic versatility, conjugation-based materials have 
quenched approaching thirsty for renewable energy sources through considerable research efforts. 
During the period for my combined MS-Ph.D course, my main research foci were on synthesis of 
various and versatile organic conjugated materials for electronic uses with systematic investigation of 
their structure-property relationships. The synthesized oligomeric and polymeric materials were 
confirmed by diverse analytical tools of NMR, FT-IR, GPC, HR-MS, EA, and MALDI-TOF, after 
which were characterized for thermophysical, optical, and electrical properties through DSC, TGA, 
UV-Vis, UPS, PL, and CV. In addition to their intrinsic properties, microstructural analysis of 
morphological and crystalline features was investigated by AFM, TEM, and GIWAXD to figure out 
the effects on their applications.  
My dissertation is composed of four sections with a brief overview of conjugated materials for 
electronics with motivations and directions during my degree. The first and two chapters will cover 
systematic comparison of heteroaromatic compounds as flanking and counterpart units for 
diketopyrrolopyrrole-containing polymers for OFETs. The third one will discuss the effect of 
conjugated pathways of benzodithiophene-based small molecules for their intrinsic properties and 
performances on ternary OPVs as third components. The last work will introduce an optimized 
methodology of Stille polymerization with stepwise heating protocols for a broad scope of conjugated 
polymers toward no batch-to-batch variation in their electronic performances. Such intriguing 
findings for all the works shed considerable light on our understanding and developement of organic 
semiconductors with deep insights for electronic applications of OFETs and OPVs. 
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1.1 Organic Semiconducting Materials: History and Electronic Structure  
Organic semiconducting materials with intriguing optical and electrical properties have been in 
high demand for various electronic applications. Extensive research on synthetic polymers and 
oligomeric molecules has been conducted with a great deal of attention owing to their promising 
aspects with several-fold advantages: cost effectiveness, flexibility, easy modification, etc., thus to a 
wide range of revolutionary roles in modern life. On practical uses, conjugated semiconductors are 
imperative for optoelectronic applications including organic light-emitting diodes (OLEDs), organic 
field-effect transistors (OFETs), organic photovoltaics (OPVs), etc. since they exhibit photo-/electro-
luminescent and nonlinear optical properties in addition to liquid crystalline, structural patterning, 
printing, and solution casting abilities. Electronic devices based on organic materials can be fabricated 
by simple techniques with solution processability and are under intense investigation in academic and 
industrial laboratories because of their potential for mass production of flexible and cost-effective 
devices models with light-weight and transparent advantages compared to silicon (Si)-based devices. 
In this regard, significant progress has been achieved in the development of novel materials and new 
device engineering in the last decade as next-generation electronic devices. This section will provide a 
basic and broad introduction to organic semiconductors with a brief history for different aspects of 
this fascinating field later on in more depth. 
1.1.1 Historical Context 
After invention of transistors around the middle of the 20th century, inorganic semiconductors 
based on Si or germanium (Ge) began to take over the role as the dominant material in electronics 
from previously used metals. At the same time by the end of the last century, solid-state devices 
emerged as alternatives of vacuum tube-based electronics initiated such a development led to the 
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omnipresence of semiconductor microelectronics in our daily life. In present day at the beginning of 
the 21st century, thorough understanding and enormous progress in a new class of materials, namely 
organic semiconductors have made new revolution possible for promising electronics, which 
inorganic devices never possess such potential for at all, such as flexible light sources and displays, 
low-cost printed integrated circuits, or plastic and large area PVs. Strictly, these organic 
semiconductors had long been developed from the first discovery of electroluminescence on a 
cellulose film with acridine orange in the early 20th century.1-3 Pope et al. gave this field momentum 
by anthracene crystal, which triggered intensive research of molecular crystals by many researchers 
including Helfrich.4-6 The basic principles for optical excitation and charge carrier transport were 
established by these investigations. Notwithstanding the following success of electroluminescent 
devices, several obstacles faced their commercial use in the prototypes: insufficient current, low 
operating voltages, and micro- to milli-metres thick.7,8 Consequently, synthetic ease for scaling up 
with high performance was central in research interest for compensating organic materials. From 
1970s, the discovery of conductivity in doped polyacetylene, which has hydrocarbon chains with 
alternating single and double bonds, paved the way for the successful synthesis and controlled doping 
of conjugated polymers as the most important class of organic semiconductors, honored with the 
Nobel Prize in Chemistry to Heeger, MacDiarmid, and Shirakawa in the year of 2000.9 Since this first 
discovery, extensive research has been conducted with largely two categories: doped and undoped 
organic semiconductors, together with several applications as conductive coatings or photoreceptors 
in electrophotography. The initiation was the successful demonstration of an efficient PVs 
incorporating a bulk-heterojunction of p- and n-type materials as well as the first fabrication of thin 
film FETs from conjugated polymers and oligomers.10,13 Nonetheless, the main impetus came from 
high-performance electroluminescent diodes from vacuum-evaporated molecular films and from 
conjugated polymers.7,8 Thanks to the huge efforts of academic and industrial laboratories during the 
last decades, there have been fast progress in OLEDs, at the same time leading to the first commercial 
products incorporating OLED displays.  
 
 
Figure 1.1.1 Discovery of conductivity in conjugated polymers by Alan Heeger, Alan MacDiarmid, 
and Hideki Shirakawa with descriptions of doping process in polyacetylene. 
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1.1.2 Electronic Structure 
Compared to the traditional inorganic semiconductors based on Si or Ge, as a class of organic 
semiconductors have exhibited very different electrical properties. In structural aspects, conjugated π-
electron systems are very unique and indispensable for all the types of organic semiconducting 
materials, including small molecules, polymers, or more complex structures for conducting properties. 
π-conjugated systems are commonly composed of alternating carbon-containing single and double 
bonds, present in their intrinsic-molecular structure. The main element of carbon atom is, as we all 
know, highly versatile to form single, double, and triple bonds since the carbon has two unpaired 
valence shell electrons in its ground state, thus able to form two covalent bonds with other atoms. So 
as to elucidate the existence of methane, the virtual notion can be applied for promotion. Furthermore, 
this carbon atom can afford to its excited state by upshifting one of its 2s electrons to the empty 2p 
orbital, resulting in four unpaired valence electrons available for bonding. This is called hybridization 
when one of the 2s orbital and one, two or three of the 2p orbitals can be combined to form two sp, 
three sp2, or four sp3 hybridized orbitals, respectively. As meaning of the word itself, identical 
energies and shapes can be observed in the respective hybrid orbitals with distorted p orbitals 
consisting of unequal lobes for a more directed orientation.  
 
 
Figure 1.1.2 Illustrations of energy levels in ethane and in polyacetylene for examples of the simplest 
conjugated systems. 
 
As illustrated above, conjugated molecules or polymers have molecular frameworks with 
alternating single and double carbon–carbon bonds. Ethene, as the smallest unit of conjugated 
materials, possesses each carbon atom with one sp2 hybridized, three sp2 orbitals, and one additional 
leftover of unhybridized pz orbital. The five strong σ-bonds are originated from these six sp2 orbitals 
within the system that consists of four C-H bonds and one C-C, with the leftover dumbbell-shaped pz 
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orbitals around each carbon atom forming a C-C π-bond. Because of this dumbbell shape in the pz 
orbitals, the π bonding induces very fragile interaction by shallow overlap of π-electron cloud above 
and below the molecular plane. Then, let’s see the simplest example with extension of conjugation 
with some degrees. In a chemical-structural view, polyacetylene is composed of only carbon and 
hydrogen atoms, which as mentioned in the section 1.1.1, led to the huge progress in the success of 
organic semiconductors. All the composed carbons are sp2 hybridized, which can form strongly 
localized σ bonds with the geometrical structure of the molecule. The 2pz orbitals perpendicular to the 
plane of the chain, overlap and form π orbitals that extend along the conjugated chain. The electrons 
associated with these π orbitals are not correlated with any atoms, hence resulting in the delocalized 
structure. The number of π and π∗ orbitals directly relies on the number of carbon atoms in the 
conjugated system. Therefore, there is a splitting of the energy levels as the number of carbons is 
doubled.14-15 
The strengths of both of the σ- and π-bonding with their opponent antibondings can be decided 
by the degrees of the overlapping orbitals from the σ-bonds and the parallel pz orbitals, respectively. 
Since the π-π∗ transition is very important as the lowest- or highest-energy option in a π-conjugated 
system, the π-bonding MO is dubbed the “highest occupied molecular orbital (HOMO)” and the π∗-
antibonding MO is named the “lowest unoccupied molecular orbital (LUMO).” Shortly, these enegy 
levels of HOMO and LUMO in organic materials are analogous to the valence and conduction bands 
in inorganic opponents, respectively. To be simple, materials in aspect of the HOMO-LUMO gaps are 
divided into three categories: conductors that allow electrons to flow through them, insulators that 
prevent the flow of electrons, and semiconductors that only let electrons flow under certain conditions. 
In this dissertation, there is no further discussion about what it stands for with detailed difference of 
insulator, conductor, and semiconductor. 
The degree of π-conjugations in organic solids has a great influence on its electrical properties. 
For examples, increasing lengths of such couplings enhances charge-transporting behaviors with 
improved mobilities of the charge through the π-bonding systems. In contrast, shortage of sufficient 
conjugated chains has possibility to confine electrons without intra- or intermolecular transporting, 
thus leading to inability to move along such systems freely. Polyacenes are good examples, composed 
of conjunction with a plenty of phenyl groups. With increases in the number of benzene rings, there 
are rooms for π-electrons with extended conjugations, corresponding with red-shifted absorption 
spectra caused by decreasing HOMO-LUMO. This illustrates a basic and principal strength of organic 
semiconductors: simple changes to a base molecule can tune its electronic transport and optical 
properties. 
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1.1.3 Classification 
As mentioned above in the broadest sense, organic matters are primarily based around carbon 
atoms. For my doctoral thesis, organic materials are restricted to those that have conjugated molecular 
structures and exhibit semiconducting properties. In strong contrast to conventional inorganic 
semiconductors based on covalently-bonded silicon or III-V, organic materials are loosely bound 
molecular solids held together by weak van der Waals interactions; this has a profound effect on their 
electrical properties. Basically, there are two types of organic semiconductors with n- and p-type, 
which further can be divided into three categories based on structural complexity: small molecules 
and polymers.16 Discrete-length or -weight organic materials, called small molecules are the simplest 
type of organic solids, which can be relatively massive with typical masses of several hundred atomic 
mass units. Without regard to their size, there are distinct units in all small molecules with identical 
structures. How about increasing the complexity scale? Such chains connected with discrete small 
molecules as repeating units are denoted for polymers—here, I excluded oligomeric matters for 
reduction of their complexity—, of which their masses can be varied from tens to thousands of 
repeating units. The complexity of semiconducting polymers also varies greatly, from relatively 
simple polythiophenes to intricate donor-acceptor complexes. 
 
 
Figure 1.1.3 Molecular orientation of a small molecule, pentacene and a polymer, P3HT with 
representative materials for organic electronics. 
 
1.2 Optoelectronic Applications: Intro, Architecture, and Principle  
Central to the fields of physics and chemistry has been organic electronics for more than half 
century, through synthesis and characterization of organic molecules with development of device 
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engineering. From such successful utilization of a low voltage and efficient OLED in commercial 
usage, thin films based on organic semiconductors has achieved promising progress in electronic 
applications, such as OPVs, OFETs, organic photodetectors, and etc. Organic-based electronic devices 
show enormous advantages over inorganic adversaries: light weight, flexibility, and solution 
processability, and mass production. OLEDs are long-lasting and are also well used in efficient color 
displays, which are not far behind OFETs and OPVs. In this dissertation, a primary requirement of 
new materials for optoelectronics, mainly OFET and OPVs is high-performing at first, followed by 
their new concepts including in-depth understanding of several channels for operating, eco-friendly 
devices, etc. From this section, brief introductions of organic semiconductors for OPVs and OFETs 
will be discussed, which I majored in two main applications of. 
 
Figure 1.2.1 Schematic illustration of energy levels in organic photovoltaic, field-effect transistor, and 
light-emitting diode.  
 
1.2.1 Organic Field-Effect Transistor 
In OFET technology, engineers in organic-semiconductor fields have been motivated by several 
factors. First of all, organic displays are relatively cheap compared to the cost of inorganic-based ones. 
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However, organic-based devices get bogged down in such sluggish development in terms of carrier 
mobility, which means very slow response time to limit the ability of a display to render motion. To 
solve this essential issue, Lucent Technologies devised a synthetical methodology for organic-crystal 
growth with comparable carrier mobility to that of traditional FET materials.17 Secondly, another key 
aspect in OFET technology is diversity for expanding their applications. For example with flexibility 
in organic materials, their corresponding substrates have been fabricated for displays on flexible 
surfaces, rather than on rigid materials for conventional FET displays. In the future yet not very far, a 
sheet of papers can be coated with organic semiconducting materials for displaying such a movie of 
JOKER, which can be crumpled and then brought in one’s baggy pockets.  
    
Figure 1.2.2 Working mechanism in OFETs.18 
 
Operating Principle.18 To explain basic mechanisms for typical OFETs, one should know their 
compositions of an active semiconductor layer, a dielectric layer, and conductive electrodes. In case of 
a p-type organic semiconductor layer, a negative voltage is applied to the gate electrode, inducing 
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gate-induced positive charge carriers in the organic semiconductor layer close to the interface between 
dielectric and semiconductor layers (when the Fermi levels of source/drain electrodes is close to a 
HOMO level of the semiconductor, holes can be injected from/to the metal to/from the HOMO of the 
semiconductor.) Subsequently when the source-drain voltage (VD) is applied, a conducting channel 
near the dielectric-semiconductor interface can be formed by flows of these positive charge carriers 
through the semiconductor layer. Here, a source-drain current (ID) can be generated. The charge-
carrier density created in the semiconductor layer for conduction can be modulated by gate voltage 
(VG), and ID can be modulated by VD. Therefore, the ID is a function of both VG and VD. 
 
 
Figure 1.2.3 Illustration of architectures of OFETs.19  
 
Device Structure.19 Based on their working principles, there are four basic device configurations 
in OFETs: (1) Bottom gate with bottom contact or with top contact and (2) top gate with bottom 
contact or with top contact. The contacts can be directed top or bottom, depending on the positions of 
source and drain electrodes onto the top or bottom of a semiconductor active layer. Among these four 
device structures, the bottom gate with top contact geometry is most commonly used by researchers 
since high quality heavily n-doped silicon wafer substrates with a thin layer of thermally grown SiO2 
as gate dielectric layer are commercially available. Of these four device structures, the most 
commonly used by researchers is the bottom gate with top contact architecture because of the 
availability of a thin layer of thermally grown SiO2 onto n-doped silicon wafer substrates. Therefore, 
the dielectric layer of SiO2 can be applied for the deposition of organic semiconductors using various 
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a wide array of techniques including solution and vacuum depositions. On the other hand, such a 
geometry of the top gate with bottom contact is fabricated by the deposition of source and drain 
electrodes onto any substrates such as glasses and flexible plastics, which is particularly convenient 
for use of solution deposition techniques. Inkjet printing technology have widely adopted the 
fabrication of source and drain electrodes with solution-processable conductive inks. OFETs in the top 
gate with top contact structure are first deposited by a semiconductor layer on any substrates, and then 
subsequently by a dielectric layer directly on the top of a semiconductor layer. Meanwhile, the top 
contact configurations present a big challenge when solution-processed deposition of dielectrics can 
damage organic semiconductor layers. 
Parameter. Mobility: Field-effect mobility (μ) is estimated from an average rate of charge 
movements in an active semiconductor layer through a unit electric field. Simply, this term is a basic 
measure of how easily charge carriers can move in the device, indicating that for an example, the 
higher the mobility value is, the higher the switching speed is for OFETs. In terms of reliability for 
operation of transistors, high mobility is essential yet OFETs exhibit much lower carrier mobility than 
inorganic counters originated from weak intermolecular interaction in the solid material state, 
impurities, defects, and inefficient carrier injection capability at the metal contacts. The mobility in 
OFETs is dependent on gate bias and tends to increase when gate bias increases. The μ values in the 
linear and saturated regions can be extracted from the following equations: 
Linear regime (VD << VG) : ID = μCi (W / L) (VG   ̶ VT) VD 
Saturated regime (VD > VG) : ID = μCi (W / 2L ) (VG  ̶ VT)
2, 
where W and L are channel width and length, respectively; Ci is capacitance per unit area of the 
gate dielectric layer; VT is threshold voltage that can be determined from the relationship between the 
square root of ID at the saturated regime and VG of the device by extrapolating the measured data to ID 
= 0.  
On/Off Current Ratio: In the linear region over the current in the saturation region, the ratio of 
current is called Ion/Ioff. Materials, channel length, thickness of semiconductor, and other related 
factors can affect this current ratio. It is convincible that two main causes take charge of variations in 
the off-current: the properties of the gate dielectric layer (roughness, thickness, etc.) and the 
crystalline structure of the semiconducting layer. Moreover, higher on/off current ratio can be 
obtained by short channel devices over larger channel length. When thickness of semiconducting layer 
decreases, this ratio increases accordingly.  
Threshold Voltage: Threshold voltage (VT) and subthreshold current are utilized to figure out  
impurity concentrations, interface states, and traps in an organic semiconductor. VT of OFETs depends 
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on either the gate insulator capacitance or the thickness of the organic film. For instance, lower VT is 
utilized for lowering device power consumption, affording to portable devices. Moreover, the 
subthreshold current exponentially depends on the gate-bias as well as the drain source bias because 
below the threshold, the free carrier density exponentially depends on the local bias. 
1.2.2 Organic Photovoltaics 
Since the first crystalline Si-based solar cell was developed with an efficiency of 6 %, extensive 
research for PVs have been conducted, and the efficiency has been achieved up to 24 % (please think 
about the theoretical prediction of efficiencies limited to 30 % in case of crystalline Si PVs.) However, 
one of the main obstacles is the large production cost of Si-based technology, which has failed to the 
market implementation of PV cells. Therefore, to commercialize a sustainable PV technology, the 
development of new materials and device structures is of utmost priority, among which organic 
materials are promising alternative to their inorganic opponents with a broad of advantages already 
mentioned in the previous sections. Semiconducting properties in organic polymers or small 
molecules have been utilized for efficient light absorption and fast charge transport, finally leading to 
green electricity from sunlight by the photovoltaic effect. When compared to the bulk, researchers 
have made the optical and electronic properties of the molecules used in OPVs at an interface 
explored still. In an organic device, the charge carriers have to pass through the organic/electrode 
interfaces. Thus, the electronic structures of the molecules are an important factor affecting the overall 
efficiency of the OPV. 
 
 
Figure 1.2.4 Working mechanism in OPVs. 
 
１１ 
 
Operating Principle. In basic working mechanisms, there are four important processes to convert 
sunlight into electricity by the photovoltaic effect of organic semiconducting materials: (1) Light 
absorption, (2) exciton diffusion, (3) charge separation, and (4) charge extraction. By irradiation of 
sunlight, an organic material absorbs a photon, and then an electron in a HOMO energy level of an 
organic matter is excited into a LUMO one, creating an exciton of an electron‒hole pair. This exciton 
moves along the domains of the material, which further mitigates to an interface between the first-
excited material and a counter material (from this point, they are called an electron donor and an 
electron acceptor, respectively.) The exciton at the interface is dissociated into each charge of an 
electron and a hole, finally collected by opposite electrodes of anode and cathode, respectively. 
Positive holes will move along donor molecules due to diffusion (electrochemical gradient-driven) 
and/or drift (driven by built-in electric field) toward the cathode, while electrons will move along 
electron acceptor molecules in a direction opposite to the holes, toward the anode. 
 
Figure 1.2.5 Illustration of architectures of OPVs.19 
 
Device Structure. Through enormous research for OPVs for decades, five types of architectures 
are mainly established from methods for processing of semiconducting active layers: (1) Single layer, 
(2) multilayer, (3) bulk-heterojunction, (4) dye-sensitized, and (5) tandem OPVs. First, single layer 
OPVs are the simplest form, which are made by sandwiching an organic active material between two 
metallic conductors, typically a layer of indium tin oxide (ITO) with high work function as anode and 
a layer of low work function metal such as aluminum (Al), magnesium (Mg), or calcium (Ca) as 
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cathode. Multilayer type of OPV cells contains two different layers of counter organic materials 
between the conductive electrodes, which have large difference in their electron affinity and 
ionization energy properties for electrostatic forces generated at the interface between these two layers. 
In aspect of an electron affinity and an ionization potential, the materials are called the electron 
acceptor with high degrees, and in contrast, the electron donor. From this invention of the prototype of 
a donor-acceptor heterojunction, bulk-heterojunction OPV cells were successfully fabricated, which 
have been widely adopted for general structures. This bulk-heterojunction is composed of a single 
layer of a mixture of the electron donor and acceptor together, which has strong merits for efficient 
exciton diffusion and dissociation. When a length scale of this blend is close to an exciton diffusion 
length, most of the excitons generated in either material may reach the interface, where excitons are 
separated into each charge efficiently. Next, dye-sensitized PVs are based on a semiconductor formed 
between a photo-sensitized anode and an electrolyte, a photo electrochemical system with very low-
cost fabrications. Such a multi-junction PV is denoted as a tandem PV with multiple p–n junctions 
made of different semiconductor materials. As explained like a bilayer structure, this junction 
consisting of each material takes different responses from varied wavelengths of light to generate 
electric current. Thereby, the absorbance of a broader range of wavelengths can be obtained in 
multiple layers with improved energy conversion efficiency.  
Parameter. Short-circuit Current: The short-circuit current (ISC) is the current through a PV cell 
when the voltage across the solar cell is zero. 
Open-circuit Voltage: The open-circuit voltage (VOC) is defined as the maximum voltage at zero 
current, which means the amount of forward bias on the PV cell. In accordance with working, this can 
afford to a measure of the amount of recombination in the device. 
Fill Factor: The factor which defines a power conversion efficiency is known as the fill factor 
(FF) of the PV. The FFs obtained by the product of VOC and ISC are also calculated from an area of the 
largest rectangle which will fit in the I–V curve. 
Power Conversion Efficiency: The power conversion efficiency (PCE, η) for the PV cell is given 
by the photocurrent density measured from JSC, VOC, FF, and the intensity of the incident light (Pin). 
The equation for η can be expressed as: 
η = JSC × VOC × FF / Pin 
External Quantum Efficiency or Incident Photon to Current Conversion Efficiency: Another 
fundamental measurement of the performance of a solar cell is the External Quantum Efficiency 
(EQE), which is also called the Incident Photon to Current Conversion Efficiency (IPCE). It is 
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measured for the determination of a ratio of the number of collected charge carriers in the external 
circuit to the number of incident phonons. It can be expressed as: 
IPCE = 1240 × (JSC (λ) / λ × Pin (λ)), 
where Jsc is measured at different excitation wavelengths λ. Quantum efficiency is measured 
from 350 nm onwards as the power from the AM1.5 G contained in wavelengths lower than 350 nm is 
low. 
1.3 Molecular Design and Engineering: Strategies for Electronic Uses  
 
 
Figure 1.3.1 Development of semiconducting materials with several-fold advantages in electronic 
applications. 
 
By reason of controllable energy band gaps and tunable optical properties in conjugation systems, 
the presence of electron donor (D) and acceptor (A) blocks in conjugated semiconducting materials 
has yielded huge progress in electronic technology, and such fever still lasts until now in the fields of 
organic electronics. Conjugated materials stand out due to their tunable electronic and optical 
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properties, low-cost, high flexibility, versatility of synthetic chemistry, etc., which entitled them to be 
prominent candidates in the future market of opto-electronic devices, as substitutes for their inorganic 
counterparts. The most critical challenges in developing ideal semiconducting materials are to design 
and synthesize a conjugated polymer that simultaneously possesses good film-forming properties, 
strong absorption ability, high mobility, and suitable HOMO-LUMO energy levels. A fundamental 
understanding of molecular design and the benefits of versatile polymer syntheses allow for the 
effective tailoring of the intrinsic properties of conjugated polymers to serve the desired purpose and 
address the application needs. General guidelines for material synthesis will be provided in this 
section with needs for OFETs and OPVs toward further improvements of their performances and 
other promising aspects such as processability, flexibility, etc..  
1.3.1 Required Properties for OFETs 
As one of major components in electronic applications, OFETs have been widely utilized for a 
versatile tool to analyze electrical properties of organic semiconducting materials. In aspect of 
estimation in OFETs, the most important parameter is the charge-carrier mobility (denoted as μ to the 
below) to measure directly performances of transistors. Intrinsically, as already discussed in the early 
section, organic semiconductors suffered from inherently inferior mobility since they have very weak 
secondary bonds to yield much larger intermolecular distances compared to inorganic molecules.20-22 
As the intermolecular distance increases, disordered regions are induced in their domains of organic 
materials, indicating electronic traps to significantly impede their charge transport. Furthermore, in 
case of polymeric materials, morphologies in the corresponding films are largely complexed with the 
aforementioned disordered regions, affording more electronic traps than small-molecule 
semiconductors.23-24 Nonetheless, in recent years, donor-acceptor (D–A) polymers with an alternating 
arrangement of each building unit have achieved notable development in all the type of p-/n-type and 
ambipolar OFETs as well as discrete-length small molecules based on this D-A approach. The 
synthetic methodology with novel designs of semiconducting materials for their microstructures and 
electronic structures have provided a broad of advantages to tailor appropriate choices of donor or 
acceptor units.25-26 Versatile synthetic strategies for high-performing materials in electronic 
applications, particularly OFETs in this section, have been introduced in conjugated-backbone, side-
chain, and substituent engineering of D–A polymers, hence evolved to achieve high charge-carrier 
mobility. Through extensive research in aspect of material synthesis, the achieved mobilities of 
polymers and small molecules have surpassed that of amorphous silicon (0.1–1.0 cm2 V-1 s-1), which 
now is reaching the mobility regime of polycrystalline silicon.27 Herein, this section provides a 
discussion on the key structural features observed in promising conjugated materials for OFETs.   
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Inspection of Mobility.28 As mentioned above, one of the intrinsically weakest points in 
conjugated materials is originated from their intermolecular distances with long ranges compared to 
inorganic opponents. For solving this issue, structurally planar backbone is emerged as one of the 
synthetic challenging strategies to boost their performances. The planarity in backbone conformation 
with minimal steric hindrance between the D and A units enables a low-energetic disorder and close 
chain packing with a smaller intermolecular distance (especially, π–π stacking distance between 
conjugated chains) from an effective conjugation.29-31 This sailing for backbone rigidity has a strong 
impact on structural resilience with high degrees, which also avoids the energetic disorders. Likewise, 
supramolecular ordering induced by the enhanced intermolecular packing is another factor to increase 
the mobility. Thus, strategies to improve intermolecular coupling are particularly effective in 
increasing the mobility of polymeric semiconductors to exert significant influence upon aggregation, 
crystallinity, and molecular orientation.32 In the meantime, parameters for assessment of polymeric 
chains are one of the important factors to modulate charge-transporting behaviors in polymeric 
semiconductors.33 In case of low molecular-weight factions, thin films on the related polymer showed 
much disordered crystalline domains to exhibit slow charge-transporting characteristics.34 The inferior 
performance can be ascribed to severely damaged hopping processes of charge carriers between 
polymer domains. On the other hand, such a polymer with high molecular weight had favorable 
crystalline properties with abundant polymeric chains to the improved its mobility.  
1.3.2 Required Properties for OPVs 
In a single-layer OPV cell (not indicating a bulk-heterojunction type), severely low efficiencies 
were exhibited because of poor charge carrier generation and unbalanced charge transport.35-37 Besides, 
a bilayer structure of a p-type and a n-type layer composing an electron donor and acceptor each, was 
also suffered from very short exciton lifetimes and long distance to their interface for exciton 
separation, leading to the significant loss of absorbed photons and the reduced quantum efficiency.38 
To overcome their intrinsic limitations, a bulk-heterojunction (BHJ) configuration was initially 
introduced by Yu et al..39 This approach is a quite simple method for blending donor and acceptor 
materials to induce large interfacial areas by a control of their phase separation between the two 
components in bulk. Consequently, highly short distances (up to a few nanometers) within donor-
acceptor interfaces, results in much enhanced quantum efficiency for charge separation. In addition, 
bicontinuous interpenetrating networks possess separated channels for holes and electrons in the 
donor domains and the acceptor domains, respectively, thus leading to very efficient charge collection. 
Since this invention of bulk-heterojunction OPVs, great efforts for both of the synthesis engineering 
in semiconducting materials as active layers and the device engineering including processing 
techniques, optimization of organic blends, and others, the very recent PCE has reached to over 16% 
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for a single-junction non-fullerene PV.40 At this stage, further development of semiconducting 
materials is a definite way for approaching high efficiency OPVs. In this section, general guidelines 
for material synthesis in OPVs will be provided based on the key structural features. 
Inspection of Main Parameters.41 From the discussed working mechanisms, when sunlight 
irradiates on an active layer (in here, I focus on BHJ-type OPVs), excitons are formed in both donor 
and acceptor materials, then mitigated into their interfaces for excitons diffusing. At this moment, 
energy-level offsets between each energy levels of donor and acceptor materials should overpass 
“exciton binding energy” for exciton dissociation. Once overcoming this barrier, dissociated charges 
of each electron and hole are transferred through interpenetrating networks of donor/acceptor domains 
to their ends of cathode and anode, respectively, called charge collection to generate photocurrent in 
OPVs. Absorption efficiency in the BHJ active layer affords a value of JSC, associated with charge 
carrier dissociation and transportation to the respective electrodes. In this following, semiconducting 
materials which have strong and broad absorption profiles are definitely advantageous for full sunlight 
spectrum to improve JSC. In case of a VOC value, energy levels of the materials used have a substantial 
influence on this parameter. For an example of Channel I mechanism in OPVs, VOC is determined by 
HOMO energy levels of donor materials and LUMO energy levels of acceptor materials. Lastly, FFs 
in OPVs are generally affected by their charge mobilities for carrier transports and morphological 
factors with miscibility of both materials, which can induce aggregation in their films. Hence, in 
aspect of material selection, each material used in an active layer should have balanced hole/electron 
mobilities to approach high-efficiency OPVs.  
 1.3.3 Material Synthesis Strategies 
In general terms, conjugated semiconducting materials can be arbitrarily divided into three 
constituting components: conjugated backbone, side chains, and substituents. In electronic 
applications, the conjugated backbone is of utmost importance for intrinsic electrical/optical 
properties of organic materials to dictate energy levels and secondary interactions. Through extensive 
research, fascinating building blocks for D-A materials have been explored with their promising 
aspects;20, 42-43 the design of conjugated backbones has been quite empirical yet. For the another factor, 
side chains onto the conjugated backbones impart increased molecular weight in polymers, enhanced 
solubility in fabrication solutions, and processability. Plus, some particular chains incorporating other 
atoms instead of only carbon and hydrogen introduce facile synthetic methods to control 
intermolecular interactions. In the meantime, improper tailoring of side chains from insulating 
properties adversely affects the chromophore density and intermolecular packing to thwart efficient 
light absorption and charge transport. In addition to these side effects, ironically steric hindrance can 
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be induced, thus leading to the twisted backbone with a large band gap, low charge carrier mobility, 
and poor photovoltaic properties. In the last saying, substituents including halogen atoms or cyanide 
are versatile tools to finely tweak their intrinsic properties. The following properties of conjugated 
materials highly depend on their electronic properties, thus in which this strategy to implant 
substituents have exerted positive influence on OPV and OFET performances.   
 
Figure 1.3.2 Illustration of general semiconducting materials in aspect of backbone and side-chain 
engineering for OFETs and OPVs.  
 
Conjugated Backbone. (a) The facile method to construct high-performing materials is D−A 
approach with tunable energy levels.44-45 In a view of internal charge transfer (ICT), electron rich 
materials of “donor” and electron deficient materials of “acceptor” units result in controllable band 
gaps of the reduced ones for red-shifted and the increased ones for blue-shifted absorption. 
Furthermore, much favorable double-bond characters between such moieties can be obtained from 
these ICT properties within the D−A structures. As a result, this conjunction of D and A buildings 
induces highly coplanar structure for efficient delocalization of π-electrons along the conjugated 
backbone. Besides, one of other unique features is that from density functional theory calculation, 
each energy level of HOMOs and LUMOs is confirmed with localization on the donor and the 
acceptor moiety, respectively.46-47 In spite of delocalization of HOMOs on both of units, highly 
insightful understanding can be imparted to individually control energy levels of conjugated materials. 
(b) Such quinoidal structures are adopted as one of the effective strategies for controls in energy levels 
of semiconducting materials. For an instance, like D-A materials, two aromatic moieties in this 
quinoid type are connected with a particular geometry and let’s imagine a particular conjunction of 
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benzene with thiophene unit. From the difference in resonance energies of 1.56 eV for benzene and 
1.26 eV for thiophene, this thiophene block usually dearomatizes for a quinoid structure.48-50 Typically, 
this quinoid resonance exhibits very low energy compared to the aromatic structure, thus affording 
stabilization of this quinoidal form to reduce band gaps. (c) In addition to incorporation of electron-
deficient acceptor moieties for the reduced band gaps, such bridges can be introduced onto conjugated 
materials as pendant groups to the backbone. The bridged conjugated backbones are reported as one 
of the facile methods for optimization of optical properties with very intriguing aspects, such as 
isotropic charge-transporting behaviors.51-53 However, understanding and control of the active layer 
morphology remain challenging for this bridged type. 
 
Figure 1.3.3 Types of conjugated backbones in semiconducting materials with (a) alternating D-A 
type, (b) quinoid-type, and (c) bridged-type systems.41  
 
Side Chain.54 As mentioned in the early section, side chains onto conjugated backbones are 
necessary for solution processability toward low-cost mass production of organic electronics. 
However, improper selections of side chains induce undesirable chain packing with much disordered 
regions to hamper charge-transporting pathways and the conjugated backbone excluding solubilizing 
groups, in contrast, afforded a highly planar structure with enhanced electrical properties; however, 
this material becomes useless for low solubility in fabrication. Moreover, extensive studies have 
introduced fancy roles of side chains for polymeric parameters such as molecular weight, 
intermolecular interactions, charge-transport characteristics, and thin-film morphologies. In addition 
to its linear shape of alkyl chains to the conjugated backbones, branched ones can effectively 
modulate the aforementioned properties in different aspects. As well as their beneficial profits, the 
content of alkyl chains can become insulating in domains of conjugated materials, thus leading to 
deterioration in electrical and photovoltaic performances. Consequently, there should be proper 
exploration for judicious selections of a suitable solubilizing group at an appropriate location toward 
fine-tuning properties for electronic applications. 
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Figure 1.3.4 Representative examples of various side chains onto diketopyrrolopyrrole-based 
polymers.54  
Substituent. As the last part of the three strategies for fine-tuning energy levels and band gaps, 
introduction of substituents onto conjugated chains have been widely adopted with further changes in, 
molecular interaction and even morphology. Upon electronegativity in various substituents, they are 
determined for electron-donating and electron-withdrawing groups; one with low electronegativity 
shifts the energy levels of particularly HOMOs upward, while one with high electronegativity do the 
energy levels of LUMOs downward. Moreover, totally different changes in related properties can be 
induced by the effects of substituents onto conjugated materials. For a renowned example, fluorine (F)  
is mostly used as an electron-withdrawing group with unique features, resulting in robust 
thermal/oxidative stability, elevated resistance to degradation, and enhanced hydrophobicity.55-56 In 
addition, these fluorine atoms often have a great influence on inter- and intramolecular interactions 
via C−F···H, F···S, and C−F···πF interactions.57-58 
 
 
Figure 1.3.5 Representative examples of various substituents onto organic semiconductors. 
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1.4 Research Outline: Efficient Organic Conjugated Materials  
My research has mainly focused on modification of molecular backbones, side-chain engineering, 
and polymerization methodology toward understanding the relationship between their properties and 
the related factors that affect performance and stability in OFETs and OPVs. In optoelectronic fields, 
as already mentioned, there are majorly two classes for organic conjugated materials in aspect of 
conjugation lengths: oligomeric, here small molecules and polymers. During my Ph.D. course, I 
synthesized both types of conjugated materials with systematic characterizations of their own 
properties.  
In conjugated materials, there have been extensive research for uses of sulfur and thiophene in 
electronic applications. However, there is still few for the comparison of chalcogen atoms including 
oxygen and selenide. Herein, implantation of thiophene and furan heterocycle compounds was 
conducted to investigate the properties of the hetero analogs. The novel synthesized furan-containing 
polymer affords good solubility in non-chlorinated solvents and possesses a comparable hole mobility 
for organic field-effect transistors solution-processed in toluene with a partially agglomerated 
morphology compared to that in chloroform. Furthermore, selenophene was also introduced with a 
series of polymers for systematic comparison and characterized with their transistor behaviors toward 
structure-property relationships. To understand the structure–property relationship of conjugated 
pathways in photovoltaic properties, a family of small molecules with structurally different π-
conjugation systems were synthesized as a means using ternary non-fullerene OPVs as a third 
component. The optical and electrochemical properties of the synthesized small molecules are highly 
sensitive both to the functionalized direction and to the number of end groups. Enhanced PCEs of 
over 10% in ternary cells are obtained by incorporating optimal contents and the results of in-depth 
studies using various characterization techniques demonstrate that the working mechanisms of SM-
axis-based ternary OPVs are distinctly different from one another.  
One of my other projects is substitution of silicon onto side chains of conjugated backbones in 
polymeric materials for OPVs. The silicon effects onto conjugated polymers lowered highly occupied 
molecular orbital levels to adjust their counterparts for increases in open circuit voltages for 
photovoltaics. To elucidate the effect of varying lamellar packings on photovoltaic properties, small 
molecule donors were synthesized with different terminal side‐chain lengths. While the performance 
of binary photovoltaics with newly synthesized materials depended greatly on the side‐chain length, it 
was observed that all materials‐based ternary ones exhibited almost identical and high power‐
conversion efficiencies of 12.0–12.2%. This minor performance variation is attributed to good 
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molecular compatibility between the two donor components, as evidenced by in‐depth electrical and 
morphological investigations.  
In another story for polymeric materials, batch-to-batch variations in molecular weight and 
polydispersity index can lead to inconsistent process-dependent material properties and consequent 
performance variations in the device application. Using a stepwise-heating protocol in the Stille 
polycondensation in conjunction with optimized processing, we obtained an ultrahigh-quality polymer 
having high molecular weight and very narrow distribution. The resulting ultrahigh-quality polymer-
based solar cells demonstrate up to 9.97% power conversion efficiencies, which is over 24% 
enhancement from the control devices fabricated with commercially available one. Moreover, we 
observe almost negligible batch-to-batch variations in the overall efficiencies from ultrahigh-quality 
polymer-based devices. 
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2.1 Motivation  
A central approach in the synthesis of materials for organic field-effect transistors (OFETs) is to 
manipulate electron donor (D) and acceptor (A) blocks in -conjugated semiconducting polymers to 
achieve controllable energy band gaps and tunable charge transport properties in the conjugation 
systems.1-5 Among such alternating D–A polymers, diketopyrrolopyrrole (DPP)-containing polymers 
exhibit dense – stacking and long-range order because of the coplanar nature of a DPP moiety with 
less conformational disorder, and a high charge transport capability; DPP-based polymers have thus 
led to rapid progress in the development of high-performance OFETs.6-10 
Despite DPP-containing polymers’ beneficial characteristics for use in electronics, their rigid 
DPP skeleton leads to poor solubility in various commercial solvents, except chlorine-containing 
solvents. Thus, the use of such chlorinated solvents is a prerequisite to realizing high-performance 
OFETs based on DPP polymers.11-15 However, chlorinated solvents are well-known for energy-
intensive chemicals that harm the environment,16-18 which pose a substantial obstacle to the 
manufacture of electronic devices beyond the laboratory scale.19-22 Driven by the urgent demand for 
high performing DPP-based materials with good solubility for solving aggregating properties to some 
extent, considerable attention has been devoted to introducing long or bulky solubilizing chains into 
the main backbones;13, 23-26 however, the resultant polymers form less-crystalline structures in the 
films, and these structures adversely affect charge mobility in OFETs. 
In addition to the side-chain engineering, irregular synthetic approaches (e.g., random 
polymerization27-28 and structural asymmetry29-30) in DPP-based polymers have beneficial 
microstructures with good solubility/processability; enabling excellent performance of OFETs 
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fabricated using DPP-containing polymers in non-chlorinated solvents. Nonetheless, variations in the 
composition of random DPP polymers with a lower molecular precision can result in batch-to-batch 
errors for the processing properties and performance.31-33 In addition, incorporating two different 
aromatic substituents for the asymmetric DPP polymers is complex. 
Furan-containing polymers have been found to not only exhibit greater solubility in common 
solvents than the thiophene analogues but also comparable performance in electronic applications.34-38 
This interest in furan-based materials potentially useful for green electronics has recently expedited 
the development of OFETs of furanyl-DPP (FDPP)-based polymers39-45 using non-chlorinated solution 
processing;46 however, the mobilities of the FDPP-based polymers remains no greater than 0.26 cm2 
V-1 s-1, which is substantially lower than the analogous thienyl-DPP (TDPP)-based materials.  
In the work described herein, our growing interest in the development of high-performing OFETs 
fabricated using an environmentally friendly process prompted us to explore the OFET properties of a 
new FDPP-based polymer, where the FDPP with siloxane-side chains was polymerized with a 
thieno[3,2-b]thiophene (TT) to generate PFDPPTT-Si. To systematically investigate the heterocyclic 
change, we also synthesized and characterized the corresponding thiophene analogue PTDPPTT-Si. 
The high hole mobilities of PTDPPTT-Si and PFDPPTT-Si cast from CF were 3.57 and 2.40 cm2 
V−1 s−1, respectively. Importantly, PFDPPTT-Si exhibits better solubility in various non-chlorinated 
solvents, which can minimize detrimental changes in morphology in non-chlorinated processing 
solvents, thereby providing a higher mobility of 1.33-1.87 cm2 V−1 s−1 in the films processed from 
environmentally benign solvents compared with the mobilities in the PTDPPTT-Si devices. Our 
measured values of PFDPPTT-Si, in the case of samples cast using chlorine-free solvents, is the 
highest mobilities reported to date for benign furan-containing-polymer-based OFETs, indicating that 
PFDPPTT-Si as a promising candidate for environmentally compatible OFETs. 
2.2 Material Synthesis 
The synthesis procedures for the two polymers, PTDPPTT-Si and PFDPPTT-Si, are shown in 
Scheme 2.2.1. We previously demonstrated that the use of siloxane-terminated pentyl chains in DPP-
based polymers can impart sufficient solubility and excellent charge-carrier mobility.15, 23, 47 Therefore, 
we chose siloxane-terminated pentyl chains as solubilizing groups in this study. First, 3,6-di(thiophen-
2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione and 3,6-di(furan-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-
dione were synthesized according to the reported procedures.40, 48 Each of the dibrominated TDPP and 
FDPP monomers was achieved via successive three-step reactions (i.e., alkylation, hydrosilylation, 
and bromination). The detailed synthetic procedures with the characterization data are described in the 
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Supporting Information. Finally, PTDPPTT-Si and PFDPPTT-Si were prepared via Stille coupling 
polymerization of their dibrominated monomers with the bis-stannylated TT co-monomer. Soxhlet 
extraction with methanol, acetone, and hexane sequentially was carried out to remove the catalytic 
residues and oligomer mixtures in both polymers. The gel permeation chromatography (GPC) at room 
temperature in tetrahydrofuran shows similarly high number-average molecular weights (Mn) of 
PTDPPTT-Si (55.4 kDa) and PFDPPTT-Si (47.2 kDa) with a relatively broad range of 
polydispersity indices (PDIs). This step can minimize possible interference from Mn variations. 
 
Scheme 2.2.1 Molecular structures of PTDPPTT-Si and PFDPPTT-Si with the synthetic routes.a 
ai) 5-Bromo-1-pentene, K2CO3, DMF, 120 oC, overnight, 81%; ii) 1,1,1,3,5,5,5-Heptamethyltrisiloxane, 
Karstedt’s catalyst, toluene, reflux, overnight, 79%; iii) NBS, CHCl3, r.t. in dark, 1 hr, 88%; iv) Pd2(dba)3, P(o-
tolyl)3, toluene, 100 oC, 12 hrs, 79% and 82%, respectively. 
 
2.3 Optical/Electrochemical Properties 
The optical properties with UV-vis absorption spectra of solution in chloroform and thin films of 
both polymers are displayed in Figure 2.3.1; the relevant data are summarized in Table 2.3.1. Both 
polymers showed similarly broad absorptions from 350 nm to 950 nm. The -* transition band and 
intramolecular charge transfer (ICT) between the A and D moieties are exhibited as shorter- and 
longer-wavelength peaks, respectively. The absorption profiles of PTDPPTT-Si both in solution and 
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as films are much broader than those of PFDPPTT-Si, confirming the stronger interchain aggregation 
of PTDPPTT-Si. Notably, a blue shift of the absorption features from PTDPPTT-Si to PFDPPTT-Si 
in both solution and films was observed, indicating that the PFDPPTT-Si polymer chains were less 
aggregated because of the smaller heteroatoms of the furan unit.49-51 Consequently, the optical band 
gap (Eg) as estimated from the absorption onset (1.31 eV) of the PTDPPTT-Si film, was smaller than 
that of PFDPPTT-Si (1.39 eV). 
 
 
Figure 2.3.1 Normalized UV-Vis absorption profiles in chloroform solution (a) and as thin films (b), 
UV photoelectron spectroscopy (UPS) spectra (c) and energy level diagram (d) of PTDPPTT-Si and 
PFDPPTT-Si. 
 
UV photoelectron spectroscopy (UPS) was carried out for the highest occupied molecular orbital 
(HOMO) energy levels of the two polymers and the lowest unoccupied molecular orbital (LUMO) 
energy levels were found on the basis of the Eg in the absorption spectra and the HOMO energy levels. 
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The HOMO values of PTDPPTT-Si and PFDPPTT-Si as-spun films were -4.67 and -4.71 eV, as 
shown in Figure 2.3.1d. These values are slightly higher than those measured by cyclic voltammetry 
(Figure 2.8.1 and Table 2.8.1), although the same variation trends are observed. The calculated 
LUMO values are -3.36 and -3.32 eV for PTDPPTT-Si and PFDPPTT-Si, respectively. Notably, the 
HOMO level of PFDPPTT-Si is slightly deeper than that of PTDPPTT-Si because of the relatively 
high ionization potential of furan.52 
 
Table 2.3.1 Optical and electronic properties of the PXDPPTT-Si polymers. 
Polymer 
λmaxsol 
(nm)a 
λmaxfilm 
(nm) 
Eg
 
(eV)b
 
EHOMO 
(eV)c 
ELUMO 
(eV)d 
PTDPPTT-Si 745, 807 739, 810 1.31 -4.67 -3.36 
PFDPPTT-Si 797 724, 800 1.39 -4.71 -3.32 
aPolymer solutions in chloroform and films on glass substrates; bdetermined from the onset of the UV-vis 
absorption plots in the polymer films; cmeasured by UPS measurements, incident photon energy (h = 21.2 eV) 
for He I (EHOMOUPS = h - (Ecutoff - EHOMO); dELUMO = EHOMO - Eg. 
 
Furthermore, the density functional theory (DFT) method at the B3LYP/6-31G* level calculated 
the electron distributions of HOMO and LUMO in the single repeating units for the two polymers 
(Figure 2.8.2). The both models showed well-delocalized electron densities over the conjugated 
backbones for both the HOMO and the LUMO. 
2.4 Microstructural Analysis  
The film morphological features of PTDPPTT-Si and PFDPPTT-Si were investigated using 
tapping-mode atomic force microscopy (AFM). As shown in Figure 2.4.1, both as-cast and annealed 
polymer films exhibited densely packed nanofibrillar networks, indicating the existence of strong 
intermolecular interactions13 and the formation of highly interconnected charge transport pathways. 
Moreover, the thermal annealing at 260 °C caused the nanofibrous features to become more evident, 
with a slight increase of the root-mean-square (RMS) roughness from 1.99 to 2.65 nm for PTDPPTT-
Si and from 0.96 to 1.46 nm for PFDPPTT-Si; this increased roughness suggests that the crrystalline 
nanostructures were improved after thermal annealing.4, 53, 54 We note that the annealed PTDPPTT-Si 
film exhibited larger fibrous crystalline domains with an average diameter of ~56 nm which indicates 
much less grain-boundary formation compared to those observed in PFDPPTT-Si films (~27 nm of 
average diameter). Based on the aforementioned UV-vis absorption spectra and AFM result, we could 
easily conclude that the molecular structure of PTDPPTT-Si is beneficial to form stronger 
aggregation. 
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Figure 2.4.1 AFM height (top) and phase (bottom) images of CF-solution-processed PXDPPTT-Si 
films (a,b) before and (c,d) after thermal treatment. (a,c) PTDPPTT-Si and (b,d) PFDPPTT-Si were 
fabricated on OTS-treated SiO2/Si substrates. Scale bar = 400 nm. 
 
Grazing-incidence X-ray diffraction (GIXD) analyses were conducted to clarify the crystallinities 
and molecular-packing orientations of the PDPPTT-Si polymers. Two-dimensional (2D) detector 
images are provided with their horizontal and vertical line cuts of annealed polymer films in Figure 
2.4.2 (see Figure 2.8.3 for those of the as-cast films). The corresponding crystallographic parameters 
are shown in Table 2.8.2. Both of the as-cast films exhibited highly ordered structures with out-of-
plane (100) layer distances of 21.91 and 20.90 Å for the PTDPPTT-Si and PFDPPTT-Si films, 
respectively; these distances are corresponding to the lamellar distances between two backbones 
which is determined by the length of the lateral side chains. After the films were annealed at 260 °C, 
the diffraction images exhibited slightly intensified peaks and decreased (100) d-spacing values of 
21.61 and 20.88 Å for PTDPPTT-Si and PFDPPTT-Si films, respectively, which implies that 
thermal annealing induced side chains of adjacent backbones to closely interdigitate.55 However, in 
the case of both polymers, the observation of (010) π−π stacking peaks along both qxy and qz 
directions indicates bimodal packing with coexisting edge-on and face-on orientations. PTDPPTT-Si 
films exhibited stronger (010) diffraction peaks with denser (spacing of ~3.65 Å) π−π stacking than 
those of PFDPPTT-Si films (~3.74 Å), indicating that the thiophene spacer facilitates microstructures 
that favor charge transport with stronger intermolecular interactions in PTDPPTT-Si. In principle, 
18 nm
20 °
(c)
13 nm
18 °
(a) (b) (d)
10 nm10 nm
10 °12 °
RRMS=1.99 nm RRMS=0.96 nm RRMS=2.65 nm RRMS=1.46 nm
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these stronger π−π interactions are due to the nature of sulfur in thiophene with greater overlap 
integrals and polarizabilities with enhanced aromaticity compared to that of oxygen in furan units.56,57 
Yet, simultaneously, this observation leads us to expect an adverse effect on the solubility of 
PTDPPTT-Si in various common solvents. Overall, the aforementioned AFM and GIXD data 
establish an important trend in the film morphology with respect to thiophene versus furan. 
 
 
Figure 2.4.2 2D-GIXD images of CF-solution-processed (a) PTDPPTT-Si and (b) PFDPPTT-Si 
films, and their line cut profiles through of (c) horizontal (qxy) and (d) vertical (qz) directions. The 
PXDPPTT-Si films were formed on OTS-treated SiO2/Si substrates and annealed at 260 oC. 
 
2.5 Device Characterization  
To investigate the electrical properties of PTDPPTT-Si and PFDPPTT-Si, we first fabricated 
bottom-gate top-contact CF-cast OFET devices, as depicted in Figure 2.5.1a, and measured their 
charge transport characteristics under a nitrogen atmosphere. The detailed OFET fabrication and 
characterization steps are provided in the Experimental section. Both polymers exhibited unipolar p-
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type field-effect behaviors because of the lower energetic barriers with regard to the gold electrode 
contacts. The solution-sheared films were thermally annealed at various temperatures (220, 260, and 
300 °C) to investigate the optimal post-treatment conditions (Figure 2.5.1b, Figure 2.8.4 and Table 
2.5.1). The as-cast polymer films exhibited hole mobilities of 1.20 and 0.43 cm2 V−1 s−1 for 
PTDPPTT-Si and PFDPPTT-Si, respectively. Thermal annealing was found to further enhance the 
electrical properties, and the optimal annealing temperature was 260 °C. 
 
 
Figure 2.5.1 Schematic illustration of CF-processed PXDPPTT-Si OFETs and their optimal electrical 
characteristics after thermal annealing treatment. (a) Device Structure of the fabricated OFET 
structure with Au electrodes of L= 50 μm and W= 1000 μm. (b) Comparison of the average hole 
mobilities of PXDPPTT-Si films with various annealing temperature from up to 300 oC. Transfer and 
output curves of the optimized devices of (c) PTDPPTT-Si and (d) PFDPPTT-Si after annealing at 
260 oC. 
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In addition, we compared the charge transport characteristics of drop-cast and solution-sheared 
films annealed at 260 °C. As shown in Figures 2.5.1c-d, solution-sheared PTDPPTT-Si and 
PFDPPTT-Si films showed hole mobilities as high as 3.57 and 2.40 cm2 V−1 s−1, respectively, 
whereas drop-cast films exhibited relatively lower electrical performances (hole mobilities of 2.70 and 
2.01 cm2 V−1 s−1 for PTDPPTT-Si and PFDPPTT-Si, respectively) (Figure 2.8.5, Table 2.8.3). This 
result is closely related to the positive effects of solution-shearing, such as an elongated crystallite 
texture along the conducting channel and a well-organized polymer chain packing with a reduced π-
planar distance.58,59 The OFETs with thiophene spacers exhibited better performance than the OFETs 
fabricated using furan spacers owing to the optimized microstructures with stronger intermolecular 
interactions. It’s because of the enhanced aromaticity of the thiophene unit in PTDPPTT-Si 
efficiently facilitated denser π-stacking, as observed by AFM and GIXD and various analyses, 
revealing that morphological factors more critically affect charge transport compared to energetic 
factors in these polymer films. 
 
Table 2.5.1 OFET performance of CF-solution-processed PXDPPTT-Si films.a 
Polymer 
Ta 
[oC] 
μh,max
b 
[cm2 V-1 s-1] 
μh,avg
c 
[cm2 V-1 s-1] 
Ion/Ioff 
VT 
[V] 
PTDPPTT-Si 
N/Ad 1.20 0.98 (±0.12)e >104 -13.1 
220 1.93 1.41 (±0.26) >104 -9.8 
260 3.57 2.75 (±0.36) >105 -15.9 
300 2.56 2.20 (±0.22) >105 -13.2 
PFDPPTT-Si 
N/A 0.43 0.36 (±0.05) >103 -14.0 
220 1.35 0.94 (±0.20) >104 -21.6 
260 2.40 1.87 (±0.24) >105 -16.7 
300 1.44 1.15 (±0.12) >104 -23.5 
aThe OFET performance of more than 20 devices with various thermal annealing conditions was tested. bThe 
maximum and caverage mobility of the OFET devices (L = 50 μm and W = 1000 μm). dThermal annealing was 
not applied. eThe standard deviation. 
 
2.6 Solubility Characteristics  
Before starting our work on chlorine-free OFETs as a main topic in this study, we carried out 
solubility tests of the two polymers in common non-chlorinated solvents—toluene (Tol), 
tetrahydrofuran (THF), o-xylene (Xyl), and 1,4-dioxane (Diox)—to measure the quantitative 
solubilities by UV-vis absorption (Figure 2.8.6 and Table 2.8.4) and confirm their solution 
processability (Figure 2.6.1a). PFDPPTT-Si exhibited better solubility at room temperature in the 
tested solvents because of the large dipole moment of PFDPPTT-Si; by contrast, PTDPPTT-Si 
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exhibited sufficient solubility in THF and Tol only when heated at ~60 °C. To estimate accurate 
solubility boundaries for both polymers, we adopted Hansen solubility theory, which considers the 
energy from dispersion (D), the dipolar intermolecular (P), and the hydrogen bonding (H) forces 
between molecules as constitutive interaction parameters.60 Figure 2.6.1b is a plot of the 
comprehensive solubility parameters of the tested solvents calculated from the equation (δD2 + δP2 + 
δH2)0.5. In addition, the detailed constitutive parameters and two-dimensional (2D) representation of δD 
and δP are depicted in Figures 2.6.1c and d, where we excluded the effect of δH because both 
polymers are lack of probability to form hydrogen bonding with used solvents. PFDPPTT-Si 
exhibited an enhanced solubility range with a larger radius of sphere in 2D Hansen space compared to 
PTDPPTT-Si. 
 
Figure 2.6.1 (a) Solubility test of PTDPPTT-Si (left in each pair of vials) and PFDPPTT-Si (right) 
in toluene, tetrahydrofuran, o-xylene, and 1,4-dioxane, respectively. (b-d) Summary of solubility test 
for various solvents represented using Hansen theory: (b) Comprehensive solubility data of both 
polymers. (c) Three-dimensional representation of Hansen solubility parameters. (d) Two-dimensional 
Hansen plot for δD versus δP. 
 
To confirm the effect of solubility, we also investigated the morphologies and electrical 
characteristics of the polymer films using Tol and THF solutions, respectively (Figure 2.6.2). In the 
case of PTDPPTT-Si, a partially agglomerated morphology was obtained from the Tol solution 
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because of the greater immiscibility between the polymer and the solvent, whereas critical 
morphology changes were not observed from PFDPPTT-Si when the processing solvents were varied. 
Furthermore, PFDPPTT-Si exhibited comparable electrical properties up to 1.87 cm2 V−1 s−1 with 
PTDPPTT-Si (maximum hole mobility ~ 1.82 cm2 V−1 s−1) when processed with Tol (Table 2.6.1). 
The hole mobilities in THF-processed samples were lower than those in Tol-processed samples. This 
result might originate from the lower boiling point (66 °C) of THF compared to that of Tol (111 °C), 
which reduces the time for crystallization during solution processing. With THF solution, intriguingly, 
PFDPPTT-Si maintained 41.7 % of CF-cast property whereas PTDPPTT-Si exhibited dramatic 
decrement in mobility up to 20 %, which indicates PFDPPTT-Si exhibited lower dependency of 
solvent type (Figure 2.8.7). PFDPPTT-Si is observed to be much more suitable for commercial use 
because of its greater solubility in various solvents, including environmentally benign solvents, and its 
better solvent-independent characteristics. To the extent of our knowledge, the mobilities of 
PFDPPTT-Si prepared with non-chlorinated solvents are the highest performance reported so far for 
furan-based polymers. 
 
 
Figure 2.6.2 (a) AFM images of PXDPPTT-Si films fabricated with toluene and tetrahydrofuran 
solutions. (b) Transunderminefer curves for comparative study of solvents and (c) corresponding 
average hole mobilities of PXDPPTT-Si based OFETs.  
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Table 2.6.1 OFET performance of PXDPPTT-Si films processed with environmentally benign 
solvents. 
Polymer Solvent 
μh,max 
[cm2 V-1 s-1] 
μh,avg  
[cm2 V-1 s-1] 
Ion/Ioff 
VT  
[V] 
PTDPPTT-Si 
Toluene 1.82 1.54 (±0.15) >105 -28.2 
Tetrahydrofuran 0.97 0.55 (±0.14) >106 -26.5 
PFDPPTT-Si 
Toluene 1.87 1.55 (±0.18) >105 -28.6 
Tetrahydrofuran 1.33 0.80 (±0.22) >106 -22.6 
 
 
2.7 Conclusion  
Following recent broad interest in environmentally compatible electronic devices, we carried out 
a comprehensive investigation of two DPP-based polymers (PTDPPTT-Si and PFDPPTT-Si). The 
inherent differences between flanking thiophene and furan units in the backbones influenced the 
optoelectronic properties of the resulting polymers. For example, as a result of the smaller atomic 
radius and larger dipole moment of oxygen in the furan units, PFDPPTT-Si not only has a deeper-
lying HOMO level with a slightly larger optical band gap but also greater solubility in non-chlorinated 
solvents compared to PTDPPTT-Si. The CF-cast OFETs of PTDPPTT-Si exhibited a greater 
mobility (3.57 cm2 V−1 s−1) as compared with that of PFDPPTT-Si (2.40 cm2 V−1 s−1) because of the 
stronger aggregation behavior in PTDPPTT-Si; conversely, the OFETs fabricated using in 
PFDPPTT-Si processed in non-chlorinated solvents delivered better mobility, 1.87 cm2 V−1 s−1. This 
mobility value is the highest reported thus far for “green” OFETs fabricated using furan-based 
polymers, demonstrating the strong potential for developing high-performance environmentally 
friendly organic semiconductors via incorporation of furan into polymer backbones. 
 
2.8 Supporting Information 
Materials and Instruments: All the chemicals and reagents were purchased from Sigma-Aldrich, 
Alfa Aesar chemical company, and Tokyo Chemical Industry Co., Ltd. without any further 
purification. All solvents were ACS grade unless otherwise noted. 3,6-Bis(furan-2-yl)pyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione (FDPP),1 3,6-bis(5-bromothiophene-2-yl)-2,5-bis[6-(1,1,1,3,5,5,5,-
heptamethyltrisiloxan-3-yl)pentyl]-pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione2 and 2,5-
bis(trimethylstannyl)thieno[3,2-b]thiophene3 were prepared according to the established literature 
procedures. 1H and 13C NMR spectra were recorded on a Varian VNRS 400 MHz spectrometer using 
３８ 
 
deuterated chloroform (CDCl3) or 1,1,2,2-tetrachloroethane (C2D2Cl4) as solvents. The chemical shifts 
were given in parts per million and coupling constants (J) in Hertz. The elemental analysis of carbon, 
hydrogen, nitrogen and sulphur were carried out with a Flash 2000 elemental analyser. MALDI-MS 
spectra were obtained by Ultraflex III. Cary 5000 spectrophotometer, VersaSTAT3 Princeton Applied 
Research Potentiostat,62 and MultiMode 8 scanning probe microscope were used to obtain the UV-vis-
NIR spectra, CV plots, and tapping-mode AFM images according to the reported methods. GPC was 
carried out through Agilent 1200 HPLC and miniDawn TREOS63 and DFT calculations were obtained 
with Gaussian 09 package.64 GIXD measurements were performed at PLS-II 9A U-SAXS beamline of 
Pohang Accelerator Laboratory in Korea, with the experimental details shown in our previous 
papers.13,15,65 Performances of fabricated OFETs were tested using a Keithley 4200 semiconductor 
parametric analyzer as reported previously.13,66 The specific conditions for GIXD measurements and 
OFETs fabrication were provided in the Supporting Information. GIXD measurements were carried 
out at monochromated X-rays with wavelength of 1.12199 Å (E = 11.05 keV), which were irradiated 
onto the aligned samples with the incidence angle in the range of 0.08~0.14º. The obtained GIXD 
patterns were recorded with a 2D CCD detector (Rayonix SX165) and X-ray irradiation time was 
ranged from 30 s to 60 s, depending on the saturation level of the detector. Diffraction angles were 
calibrated using a pre-calibrated sucrose (Monoclinic, P21, a = 10.8631 Å, b = 8.7044 Å, c = 7.7624 
Å, b = 102.938o) and the sample-to-detector distance was ~223.66 mm. 
Solubility Measurement: The solubilities of PTDPPTT-Si and PFDPPTT-Si were determined in 
the test solvents. For calibration, absorption spectra of both polymers were obtained with different 
concentrations in chloroform, in which the absorbance values at 807 nm for PTDPPTT-Si and at 797 
nm for PFDPPTT-Si were varied linearly on the concentrations. Then, the saturated solutions of two 
polymers filtered for removal of an excess of solids in each test solvent, were diluted with additional 
solvent to lower the absorbance, followed by measuring UV absorptions. On a basis of Beer-
Lambert’s law, the quantitative data were collected from a linear relationship of concentration with 
absorbance. In case of 1,4-dioxane as a solvent, the solubilities for both polymers were too low to take 
the reliable spectra in UV-vis absorption. 
OFET Fabrication and Measurement: OFETs with bottom-gate top-contact configuration were 
prepared to characterize the electrical performance of solution-processed polymer films. A highly n-
doped (100) Si wafer (< 0.004 Ω·cm) with a thermally grown SiO2 (300 nm, Ci =10 nF cm− 2) was 
utilized as the substrate and gate dielectrics. The SiO2 surface was modified with self-assembled 
monolayer (SAM) of n-octadecyltrimethoxysilane (OTS). OTS solution in trichloroethylene (3 mM) 
was spin-coated on the piranha-treated wafer at 1500 rpm for 30 s. Then, the wafer was exposed to 
ammonia vapor overnight, followed by sonication in toluene, sequential washing, and drying. The 
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OTS treated surface was very hydrophobic with measured water contact angle of ~110°. The polymers 
were dissolved in anhydrous chloroform (1.5 mg mL− 1) and drop-cast and solution-sheared onto the 
substrate to form thin polymer films with thickness around 40 nm. To test the non-chlorinated solvent, 
1.5 mg mL− 1 of solutions were prepared and processed with equivalent method. Source and drain 
electrodes with a channel length (L) of 50 μm and a width (W) of 1000 μm were thermally evaporated 
(40 nm) through a shadow mask. The electrical performance of OFETs was tested in N2 atmosphere 
and the field-effect mobility was calculated in the saturation regime using the following equation: 
IDS = 1/2(W/L)μCi (VG−VT )2 
where IDS is the drain-to-source current, μ is the mobility, and VG and VT are the gate voltage and 
threshold voltage, respectively. 
General Procedure for Polymerization and Polymer Purification: Dibrominated FDPP or TDPP 
(0.20 mmol) and 2,5-bis(trimethylstannyl)thieno[3,2-b]thiophene (0.20 mmol) were taken in a long 
Schlenk tube under argon condition with 5 mL of anhydrous toluene. The mixture was degassed for 
10 min, followed by addition of Pd2(dba)3 (2.0 mol) and P(o-tolyl)3 (8.0 mol) to the solution. The 
reaction mixture was stirred vigorously at 100 oC for 12 hrs. After cooling to room temperature, it was 
poured into methanol (200 mL) and the resulting precipitate was filtered. The polymer was purified by 
Soxhlet extraction using methanol (1 d), acetone (1 d) and hexane (1 d). The residue was extracted 
with chloroform and precipitated in acetone as a dark purple product and dried over in vacuo. 
PTDPPTT-Si: Isolated yield = 79%. GPC (THF, 298 K, against PS standard) Mn = 55.4 kDa, Mw = 
118.8 kDa, and PDI = 2.14; 1H NMR (C2D2Cl4, 600 MHz, 353 K)  ppm 8.92 (br, 2H), 7.54-6.69 (br, 
4H), 4.23 (br, 4H), 1.75-1.28 (br, 12 H), 0.57-(-0.15) (br, 46H). Anal.calc. for C44H68N2O6S4Si6: C, 
51.92; H, 6.73; N, 2.75; Found: C, 53.91; H, 6.00; N, 2.72. 
PFDPPTT-Si: Isolated yield = 82%. GPC (THF, 298 K, against PS standard) Mn = 47.2 kDa, Mw = 
223.3 kDa, and PDI = 4.73; 1H NMR (C2D2Cl4, 600 MHz, 353 K)   ppm 8.47 (br, 2H), 7.50-6.58 (br, 
4H), 4.42-3.78 (br, 4H), 1.76-1.38 (br, 12H), 0.51-(-0.11) (br, 46H). Anal.calc. for: C44H68N2O8S2Si6: 
C, 53.62; H, 6.95; N, 2.84; Found: C, 53.51; H, 6.95; N, 3.07. 
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Figure 2.8.1 Cyclic voltammograms of PTDPPTT-Si and PFDPPTT-Si in thin films drop-cast on a 
platinum working electrode and tested in 0.1 M n-Bu4NPF6/CH3CN solution.  
 
 
 
 
Table 2.8.1 Electrical properties of PTDPPTT-Si and PFDPPTT-Si. 
Polymer 
Eg
 
(eV)a
 
EHOMO 
(eV)a 
ELUMO 
(eV)a 
PTDPPTT-Si 1.53 -5.09 -3.56 
PFDPPTT-Si 1.59 -5.11 -3.52 
aCyclic voltammetry determined with Fc/Fc+ (EHOMO = -4.80 eV) as the internal reference, each energy level is 
calculated from the equation and Eg = ELUMO - EHOMO. 
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Figure 2.8.2 The optimized geometries and molecular orbitals from DFT calculation for the 
PXDPPTT-Si repeating monomers.  
 
 
 
Figure 2.8.3 2D-GIXD images and their 1D-GIXD profiles of PXDPPTT-Si CF-solution-processed 
as-cast films. The polymer films were solution-processed on OTS-modified SiO2/Si substrates and 
dried in a vacuum oven at 80 oC.  
 
 
Table 2.8.2 Crystallographic Parameters of PTDPPTT-Si and PFDPPTT-Si CF-solution-processed 
films. 
Polymer 
Ta  
(oC) 
Lamellar spacing π–π spacing 
qz 
(Å−1) 
d 
(Å) 
FWHM 
(Å−1) 
Lc 
(Å) 
qxy 
(Å−1) 
d 
(Å) 
qz 
(Å−1) 
d 
(Å) 
PTDPPTT-Si 
N/A 0.287 21.91 0.0450 125.8 1.742 3.61 1.723 3.65 
260 0.291 21.61 0.0386 146.4 1.722 3.65 1.723 3.65 
PFDPPTT-Si 
N/A 0.301 20.90 0.0424 133.6 1.667 3.77 1.681 3.74 
260 0.301 20.88 0.0273 207.2 1.687 3.72 1.682 3.74 
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Figure 2.8.4 Transfer characteristics of polymer films depending on annealing temperature: (a) 
PTDPPTT-Si and (b) PFDPPTT-Si. 
 
Figure 2.8.5 Transfer characteristics of (a) PTDPPTT-Si and (b) PFDPPTT-Si CF-solution-
processed films annealed at 260 oC depending on solution-processing methods of solution-shearing 
and drop-casting. Transfer curves were obtained at hole-enhancement operation with VDS = −100 V (L 
= 50 μm and W = 1000 μm). 
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Table 2.8.3 OFET performance of CF-solution drop-cast films after annealing at 260 oC.a 
Polymer 
μh,maxb  
[cm2 V-1 s-1] 
μh,avgc  
[cm2 V-1 s-1] 
Ion/Ioff 
VT  
[V] 
PTDPPTT-Si 2.70 1.70 (±0.34)d >105 -17.3 
PFDPPTT-Si 2.01 1.47 (±0.21) >105 -17.7 
aThe FET performance of more than 10 devices with drop-cast films was tested in nitrogen atmosphere. bThe 
maximum and caverage mobility of the FET devices (L = 50 μm and W = 1000 μm). dThe standard deviation. 
 
 
 
 
 
 
Figure 2.8.6 UV-vis absorption spectra on different concentrations of (a) PTDPPTT-Si and (b) 
PFDPPTT-Si (left) in chloroform. Calibration plots of (a) PTDPPTT-Si absorbance at 807 nm and (b) 
PFDPPTT-Si at 797 nm versus the measured concentration (right). The absorption coefficients (Ɛ) of 
PTDPPTT-Si and PFDPPTT-Si are 81,714 and 83,625 cm-1 M-1, respectively. 
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Table 2.8.4 Solubilities of PTDPPTT-Si and PFDPPTT-Si in each solvent (mg/mL). 
 Chloroform Toluene Tetrahydrofuran o-Xylene 
PTDPPTT-Si 9.02 0.481 0.763 <0.2 
PFDPPTT-Si 13.7 1.04 1.49 0.335 
 
 
 
Figure 2.8.7 The degree of decrement of hole mobility with non-chlorinated solvent usage was 
extracted by calculate the hole mobility ratio of PXDPPTT-Si based FETs. 
 
Figure 2.8.8 The mobility ratio to the maximum mobility as a function of gate bias for the devices 
with (a-c) PTDPPTT-Si and (d-f) PFDPPTT-Si films fabricated by using (a,d) chloroform, (b,e) 
toluene, and (c,f) tetrahydrofuran solution. 
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3.1 Motivation  
The easily tunable optical and electrical properties of organic conjugated systems had led to 
extensive research into electron-donor (D) and -acceptor (A) blocks for semiconducting copolymers 
and has yielded huge progress in organic electronic technologies.1-5 The development of a wide 
variety of D−A copolymer systems has stemmed from inventive molecular designs based on their 
favorable optical and electrical properties for specific applications.6-10 These designs have mainly 
focused on aspects of (i) conjugated backbones, (ii) side chains, and (iii) combinations of each block. 
Among such alternating D−A copolymers, diketopyrrolopyrrole (DPP) backbone-containing 
copolymers enhanced the sluggish development of high-performance organic field-effect transistors 
(OFETs) due to the advantages of their molecular structures.11-15 The fused core contains two carbonyl 
groups that facilitate the coplanar nature of the DPP moiety with less conformational disorder and 
strong hydrogen bonding, leading to rigid aggregates and strong intermolecular interactions. 
Moreover, the DPP backbone is synthetically versatile for alkylation and the addition of counterpart 
moieties to afford conjugated systems with high potential performances. 
In addition to its beneficial structure, side chains on DPP-based copolymers have remarkable 
impacts on molecular crystallinity and film morphology and aid solution processability for device 
fabrication.16-20 Through extensive research in electronic devices, the current state of side-chain 
engineering provides a broad array of choices that exhibit an excellent balance for enhanced 
applications. One side-chain that boosts electronic properties is the siloxane hybrid chain, highlighting 
the impact of film morphologies and microstructures on charge-transporting properties.21-25 Bao et al. 
first introduced the siloxane-terminated chain groups on isoindigo-based copolymers for dense − 
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stacking with improved charge transport on OFETs.26 Encouraged by hybrid side-chain effects for 
controls on the degree of intermolecular interactions between conjugated copolymer chains, our group 
synthesized some of DPP-based copolymers for well-defined microcrystalline structures and 
enhanced OFET performances. Most of the corresponding copolymers were a combination of a DPP 
block with a thiophene flanking block, which are widely explored match-ups.27-30 We previously 
reported a heterocyclic analogue, a furan-flanked DPP copolymer by appending siloxane-terminated 
groups.31 Following our comparative investigations, intrinsic differences of the furan flanking group 
from the thiophene analogue afforded a comparable hole mobility, 2.40 cm2 V-1 s-1 with excellent 
solubility in a variety of commercially available solvents including non-chlorinated ones. However, to 
shed further light on its promising properties,32-36 the furan flanking groups on DPP copolymers must 
still be comprehensively studied.  
Here, we investigate the heterocyclic variation effects of furan-flanked DPP copolymers 
appending siloxane-solubilizing groups on OFET characteristics by optical/physical properties and 
microstructure analysis. Of particular interest in material engineering is the incorporation of 
chalcogen atoms into conjugated materials because of the facile modulation of their optoelectronic 
properties and intra/intermolecular interactions. For comparative divisions, three prominent 
chalcogenophenes of furan, thiophene, and selenophene were studied as counterparts for PFDPPF-Si, 
PFDPPT-Si, and PFDPPS-Si, respectively. The systematic characterizations of their optical and 
electrical properties are discussed in detail regarding the chalcogen atoms and the device properties 
are investigated by morphological studies. The structure-property relationship and OFET performance 
relating to a function of the heteroaromatic counterpart units are thought to enliven semiconducting 
material concepts for electronic use. 
3.2 Material Synthesis 
A series of PFDPPX-Si copolymers was prepared by following the synthetic procedures as 
outlined in Scheme 3.2.1. Siloxane-terminated chains with pentyl bridges to the furan-flanked 
copolymer were chosen to increase solubility and to provide desirable charge-transporting 
properties.29 The final furan-flanked DPP monomer, 3,6-bis(5-bromofuran-2-yl)-2,5-bis[6-
(1,1,1,3,5,5,5-heptamethyltrisiloxan-3-yl)pentyl]-pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (FDPP-Si) 
was synthesized by following a previous procedure.31 For the three chalcogenophene counterparts, the 
stannylation of dibrominated monomers proceeded with trimethyltin chloride in good yields (80-95%). 
With all monomers in hand, a typical Stille copolymerization was carried out, followed by subsequent 
Soxhlet extractions to obtain the target copolymers PFDPPF-Si, PFDPPT-Si, and PFDPPS-Si. The 
detailed synthetic information is provided in the Experimental Section. All of the resulting 
５３ 
 
copolymers are well-dissolved in organic solvents of chloroform and chlorobenzene at room 
temperature for facile device fabrication. The number-average molecular weight (Mn) and the 
polydispersity index (PDI) were evaluated by gel permeation chromatography (GPC) at room 
temperature in tetrahydrofuran as eluent. Mn and PDI values of the copolymers were similar: 83.2 
kg/mol and 2.66 for PFDPPF-Si, 77.4 kg/mol and 2.43 for PFDPPT-Si, and 73.6 kg/mol and 2.58 for 
PFDPPS-Si. Thermogravimetric analysis (TGA), in Figure 3.7.1, indicated that the temperatures for 
5% weight losses of the presented copolymers were 386−393 °C, implying excellent thermal 
stabilities. 
Scheme 3.2.1 Molecular structures of PFDPPF-Si, PFDPPT-Si, and PFDPPS-Si through the 
polymerization route.a 
 
aPd2(dba)3, P(o-tolyl)3, toluene, 120 °C, 24 hrs with 71%, 85%, and 80% yields, respectively. 
 
3.3 Optical/Electrochemical Properties 
The optical characteristics of the copolymers in both chloroform solution and as thin films were 
determined by UV-Vis spectroscopy shown in Figure 3.3.1a with detailed values in Table 3.3.1. In 
the profiles, the three copolymers exhibit broad absorption features with two distinct peaks in the 
region from 300 nm to 950 nm. Shorter wavelength peaks around 300−450 nm are ascribed to -* 
transition bands, while the peaks between 450−950 nm correspond to intramolecular charge transfer 
(ICT) bands. The bathochromic shifts in the absorption profiles are clear on increasing the 
heteroatomic size of the chalcogenophene counterparts, implying that the empirical electron-donating 
strength is in the order; selenophene > thiophene > furan. This is most likely due to the different 
electronegativity of the heteroatoms (O (3.44), S (2.58), and Se (2.55)).37-38 Additionally, in both 
solution and film states, PFDPPT-Si and PFDPPS-Si possess distinct shoulders in the ICT bands as a 
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0−1 vibrational transition, unlike PFDPPF-Si, indicating that the larger and more polarizable atomic 
radii in selenophene and thiophene induce different intra- and inter-chain interaction behaviors 
compared to the furan analogue.39-40 Note also that the absorption spectra of all the copolymer films 
appear to be slightly broader with small chromatic shifts, than ones obtained in solution, implying that 
there are fewer possible changes in the backbone conformations between the copolymers in 
chloroform than the thin films. Subsequently, the optical band gaps (Egopts) estimated from the 
absorption edges for each copolymer film are somewhat similar, 1.38−1.41 eV, and still follow the 
trend in electron-donating ability of the chalcogenophenes.  
 
 
Figure 3.3.1 (a) Normalized UV-Vis absorption profiles in chloroform solution and as thin films, (b) 
CV plots with the external standard of ferrocene/ferrocenium, and (c) energy level diagram estimated 
by CV of PFDPPX-Si copolymers. 
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Cyclic voltammetry (CV) was performed to investigate the electrochemical behavior, shown in 
Figure 3.3.1b and Table 3.3.1. From the reduction and oxidation onset potentials, the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energy 
levels of the copolymers were defined against a ferrocene/ferrocenium standard; –5.21/–3.57 eV for 
PFDPPF-Si, –5.18/–3.57 eV for PFDPPT-Si, and –5.18/–3.65 eV for PFDPPS-Si, and are described 
in the energy level diagram of Figure 3.3.1c. The determined HOMO energy levels of all the 
copolymers are below -5 eV, indicating atmospheric tolerance to undesirable oxidant doping 
conditions for stable electronics.41-42 In accord with previous works,43-44 it is also noteworthy that the 
furan unit slightly lowers the HOMO energy level, whereas the selenophene unit deepens the LUMO 
energy level, thus leading to electrochemical band gaps (Egelecs) calculated from the HOMO/LUMO 
energy levels to be in the following order: PFDPPS-Si < PFDPPT-Si < PFDPPF-Si, consistent with 
the trend of the Egopts discussed above in the same order. 
 
Table 3.3.1 Optical and electronic properties of PFDPPX-Si copolymers. 
copolymer 
λmaxsol 
(nm)a 
λmaxfilm 
(nm)a 
Egopt
 
(eV)b
 
EHOMO 
(eV)c 
ELUMO 
(eV)c 
Egelec
 
(eV)d
 
PFDPPF-Si 774, 370 771, 373 1.41 –5.21 –3.57 1.64 
PFDPPT-Si 809, 733, 403 806, 727, 407 1.39 –5.18 –3.57 1.61 
PFDPPS-Si 841, 763, 415 838, 756, 418 1.38 –5.18 –3.65 1.53 
aTaken from the copolymer solutions in chloroform and the corresponding films on glass substrates; 
bdetermined from the onset of the UV-vis absorption plots in the copolymer films; cestimated from the oxidation 
and the reduction onsets (Eonsetox and Eonsetred) by the equations of EHOMO = – (Eonsetox – E1/2ferrocene + 4.8) eV and 
ELUMO = – (Eonsetred – E1/2ferrocene – 4.8) eV; dcalculated from the estimated frontier energy levels, electrochemical 
band gap (Egelec = ELUMO – EHOMO). 
 
To understand the dependence of the electronic properties on the structural conformations of the 
copolymers, geometry-optimized structures were simulated using density functional theory (DFT) in 
combination with the B3LYP/6-31G* basis set. The corresponding trimers were used as model 
molecules in a sequential manner with alkyl chains being replaced by methyl groups for simplicity. 
The calculated energy levels are summarized in the Table 3.7.1, showing the same trend as observed 
in the CV results. The electron-density distributions for both the HOMO and LUMO levels are spread 
along the whole conjugated backbones of the three models, which is in contrast to the reported 
common D-A copolymers, where the LUMO isosurfaces are majorly confined on electron-deficient 
moieties, as shown in Figure 3.3.2.45-46 The large extent of electron delocalization in both the frontier 
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molecular orbitals is expected to show ambipolar charge-transporting behavior in OFETs.47-48 
Additionally, the optimized geometric views reveal increasing dihedral angles between the furan 
flanking groups adjacent to the DPP backbone and each chalcogenophene counterpart, as the 
chalcogen atom size increases (O < S < Se).49-51 These results indicate that the furan-based DPP 
backbone where all the furan repeating units are connected together is energetically more favorable 
for forming a coplanar conformation compared to the other molecular systems.  
 
 
Figure 3.3.2 Electron-density isosurfaces and optimized front/side geometries for the model trimers 
of PFDPPX-Si copolymers by DFT calculations.   
 
3.4 Microstructural Analysis  
Since molecular orientations and microstructures of PFDPPX-Si copolymer-coated films play 
critical roles in determining long-range charge transports, controls and analyses of molecular 
arrangements are essential in OFET devices.52 Thus, we investigated the details of microstructural and 
morphological features of the copolymer films by using tapping-mode atomic force microscopy 
(AFM) and grazing incidence X-ray diffraction (GIXD). For the characterizations, the copolymer 
films were prepared by solution shearing of hot chlorobenzene solution (~5 mg mL−1, stirred at 80 °C) 
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on n-octadecyltrimethoxysilane (OTS)-treated 300 nm SiO2/Si substrates. As displayed in the AFM 
images of Figure 3.4.1, we tried to figure out the effects of thermal annealing on the film 
microstructures by comparing the topographical images of both as-cast and annealed films. The power 
spectral density (PSD) analysis was conducted by using fast Fourier transform (FFT) algorithm to 
calculate the discrete power spectrum of the AFM images. Correlation length was extracted from the 
reciprocal of the cut-off spatial frequency of PSD‒spatial frequency plot (Figure 3.7.2 and Table 
3.7.2). Upon the thermal annealing at 220 °C, grain sizes increase for all the copolymer films, 
suggesting more ordered and oriented structures induced by thermal reorganization.53 Furthermore, 
the effect of chalcogen atom size on the film topography was also investigated. We found that the 
correlation length correlated with an estimation of the average grain size increases as the 
chalcogenophene size decreases. This result might be due to the increased planarity of the main 
backbone. Particularly, PFDPPF-Si film exhibits fibril-like morphologies along the shearing direction 
as shown in Figure 3.7.3, which might result from the connection of adjacent nanograins into fibril 
structures via its enhanced molecular stacking compared with PFDPPT-Si and PFDPPS-Si.  
 
Figure 3.4.1 AFM images of PFDPPX-Si films (a‒c) before and (d‒f) after annealing at 220 °C: (a 
and d) PFDPPF-Si, (b and e) PFDPPT-Si, and (c and f) PFDPPS-Si films (Scale bar = 1 μm, 
resonance frequency = 300 kHz, force constant = 40 N m-1). 
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Two dimensional (2D)-GIXD images and the corresponding diffractogram profiles of the 
thermally annealed films are displayed in Figure 3.4.2 and their crystallographic parameters are 
summarized in Table 3.4.1. The relevant data of the as-cast films measured in this study are included 
in Figure 3.7.4 and Table 3.7.3. Note that the 2D-GIXD images of the annealed films become more 
discernible compared with those of the as-cast films, the corresponding diffractogram profiles become 
sharper and larger in intensity upon thermal annealing, which is consistent with the AFM results 
described above. Therefore, in the following part, we mainly focused on comparing the crystalline 
nature and molecular orientation of the annealed films. All the annealed films show highly ordered 
lamellar (h00) Bragg peaks along both qxy and qz axes, which represents a bimodal distribution with 
mixed edge-on and face-on orientations of their polymeric chains. Notably, when compared with other 
annealed films prepared under the same condition, higher orders of lamellar packing peaks up to the 
fourth order are present in the annealed PFDPPF-Si film, but its d-spacing distance is slightly larger, 
indicating less interdigitation of the side chains and the relatively enlarged space filling. 
 
Figure 3.4.2 2D-GIXD images of (a) PFDPPF-Si, (b) PFDPPT-Si, and (c) PFDPPS-Si films 
prepared by solution shearing method on OTS-treated SiO2/Si substrates with shearing speed of 0.1 
mm s-1 and thermal annealing at 220 °C. The corresponding X-ray diffractogram profiles of (d) in-
plane and (e) out-of-plane GIXD patterns. (f) Williamson-Hall plots of the diffraction peaks obtained 
from the out-of-plane direction; black lines for PFDPPF-Si, red lines for PFDPPT-Si, and blue lines 
for PFDPPS-Si. 
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In addition to the lamellar d-spacing, the presence of disordered or grain boundary regions can 
affect the transport of charge carriers, and the microstructural analysis of the crystallite size is useful 
for such a structure-property relationship study. Thus, we determined the approximate crystallite size 
(LC) by employing the Scherrer equation, assuming that LC values contribute to broadening of 
diffraction peaks.54 Note that since the Scherrer equation can ignore a lattice disorder as an important 
factor in the crystal structure analysis, we attempted to derive LC values with consideration of the 
lattice disorder in the GIXD peak analysis.55-56 As shown in Figure 3.4.2f, Williamson-Hall plots of 
1/LC‒h2 from the out-of-plane lamellar stacking profiles of the annealed films are drawn to extract 
true LC at the intercept (h = 0). We found that the larger heteroatomic size of the chalcogenophenes 
decreases the LC values. Moreover, the annealed PFDPPF-Si, PFDPPT-Si, and PFDPPS-Si films 
exhibited the lattice disorder parameters (g) of 2.89%, 2.94%, and 3.44%, when estimated from the 
gradual slopes of the Williamson-Hall plots, respectively, and the similar trends are observed for the 
as-cast copolymer films.57 These results suggest that PFDPPF-Si tends to form higher crystalline 
structures than PFDPPT-Si, and PFDPPS-Si. 
 
Table 3.4.1 Crystallographic parameters of optimized PFDPPX-Si copolymer films.a 
Copolymer 
Lamellar spacing π−π stacking 
qz,(100)  
[Å ‒1] 
dz,(100)  
[Å ]
 
 
FWHM(100) 
[Å ‒1] 
Lz,(h00)b
 
[Å ]
 
 
gc 
[%] 
qz,(010) 
 
[Å ‒1] 
qxy,(010) 
[Å ] 
qxy,(010) 
[Å ‒1] 
dxy,(010) 
[Å ] 
PFDPPF-Si 0.260 24.2 0.0160 400.0 2.89 1.72 3.65 1.71 3.67 
PFDPPT-Si 0.265 23.7 0.0201 312.5 2.94 1.65 3.82 1.62 3.89 
PFDPPS-Si 0.269 23.4 0.0301 208.3 3.44 1.65 3.82 1.66 3.79 
aThe copolymer films were prepared by solution shearing with shearing speed of 0.1mm s−1 and thermal 
annealing at 220 °C, and their parameters were calculated from GIXD profiles;  btrue crystallite size obtained 
from the intercept of the straight line with the ordinate of the Williamson-Hall plot; clattice disorder parameter 
related to slope of the Williamson-Hall plot. 
 
With consideration of a clear correlation between π-stacking and charge-transporting properties, 
we also determined (010) diffraction peaks to elucidate π-stacking behaviors of the copolymers.58 
Among the annealed copolymers, PFDPPF-Si shows the smallest π‒π stacking distance of ~3.7 Å in 
both in-plane and out-of-plane directions, which would facilitate favorable microstructures for charge 
carrier transport. In fact, this propensity is a counterintuitive finding in some literatures related to 
chalcogenophenes-containing conjugated materials, in which increasing the size of the chalcogen 
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atoms strengthens the intermolecular heteroatom−heteroatom interactions.39, 59 We speculate that the 
increased heteroatomic size may cause a larger twist within the backbones in our system, as evidenced 
by the DFT calculation above, which could reduce the π‒π interaction of the copolymer series.50, 60  
 
3.5 Device Characterization  
 
Figure 3.5.1 p- and n-channel transfer curves (left and right) of OFETs prepared by solution shearing 
with shearing speed of 0.1 mm s−1 and thermal annealing at 220 °C: (a) PFDPPF-Si, (b) PFDPPT-Si, 
and (c) PFDPPS-Si. The red line is represented for the fitting line of the maximum mobility, the green 
line for the fitting line at a high gate voltage above the kink, and the blue line for the ideal FET 
characteristics which satisfy the ideal Shockley equations. (d) The plot of summarized average 
50 100 150
0
20
40
60
80
V
DS
= 100V
V
GS
 (V)
 
 
 
(ID )
1
/2 (X
1
0
-4 A
1
/2)
-100 -50 0
0
100
200
300
V
DS
= -100V
V
GS
 (V)
 
 
 
(-
I D
)1
/2
 (
X
1
0
-4
 A
1
/2
)
a)
b)
c)
50 100 150
0
20
40
60
80
V
DS
= 100V
V
GS
 (V)
 
 
 
(ID )
1
/2 (X
1
0
-4 A
1
/2)
-100 -50 0
0
100
200
V
DS
= -100V
V
GS
 (V)
 
 
 
(-
I D
)1
/2
 (
X
1
0
-4
 A
1
/2
)
50 100 150
0
20
40
60
80
100
V
DS
= 100V
V
GS
 (V)
 
 
 
(ID )
1
/2 (X
1
0
-4 A
1
/2)
-100 -50 0
0
50
100
150
200
(-
I D
)1
/2
 (
X
1
0
-4
 A
1
/2
)
V
DS
= -100V
V
GS
 (V)
 
 
 
50 60 70 80 90 100
0
20
40
60
80
100
|G
a
in
|
V
IN
 (V)
V
O
U
T
 (
V
)
V
DD
=100V
0
10
20
30
40
50
60
 
0 50 100
0
20
40
60
80
100
 PDPP(SE)--C
8
C
15
 (V
OUT
)
 PDPP(T)--C
8
C
15
 (V
OUT
)
 PDPP(SE)--C
8
C
15
 (Gain)
 PDPP(T)--C
8
C
15
 (Gain)
|G
a
in
|
V
IN
 (V)
V
O
U
T
 (
V
)
V
DD
= +100V
0
20
40
60
80
 
b)a) VDD
VIN VOUT
Ambipolar
Ambipolar
e)
f)
d)
F Th Se
0.0
0.5
1.0
1.5
2.0
2.5
FDPP polymers
p
-c
h
a
n
n
e
l 

a
v
g
0.0
0.1
0.2
0.3
0.4
0.5
0.6
 n
-c
h
a
n
n
e
l 
a
v
g
PFDPPS-Si
PFDPPS-Si
６１ 
 
mobilities for PFDPPX-Si copolymers. (e) Schematic of the complementary inverter structure and (f) 
CMOS-like inverter characteristics based on ambipolar OFETs of PFDPPS-Si (VDD = 100 V).  
In order to access electrical characteristics including charge carrier mobilities of the three 
copolymers, we fabricated bottom-gate top-contact OFETs using Si/SiO2 as the substrate under a 
nitrogen atmosphere (see Experimental Section for the detailed experimental process). The copolymer 
films were deposited by both drop casting and solution shearing processes. The films were thermally 
annealed at 220 °C. All the OFET data examined in this study are summarized in Table 3.7.4. It was 
found that the electrical performances of the solution sheared films were better than those of the 
corresponding drop cast ones due to the aligned nature of molecular orientations induced by the 
solution shearing method.29, 61 Note also that for all the cases, the enhanced charge transport properties 
are observed after annealing, which is in a good agreement with the results obtained from the 
morphology study. Consequently, the solution sheared and thermally annealed films showed the best 
OFET performances for each copolymer film. The representative current‒voltage (I‒V) characteristics 
of the annealed films are shown in Figure 3.7.5 and Figure 3.5.1a−c. All the copolymers showed 
ambipolar charge transport characteristics with V-shape of transfer curves. The charge carrier 
mobilities for both hole- and electron-enhancement modes are plotted in Figure 3.5.1d and the 
corresponding data are listed in Table 3.5.1. Among the series, the PFDPPF-Si film exhibits the 
highest hole mobility of 2.48 cm2 V‒1 s‒1, which is likely a consequence of its higher degree of 
crystalline features compared to the other ones, as observed in the morphological studies. Interestingly, 
unlike the hole transporting behaviors, the PFDPPS-Si film exhibited a better electron mobility of 
0.30 cm2 V‒1 s‒1 in comparison with two other copolymer films (0.15 − 0.21 cm2 V‒1 s‒1), which is 
most likely explained by its deeper LUMO energy level, enabling more efficient electron injection 
and extraction which can help n-channel behavior in OFETs. 
Meanwhile, the reliability of the mobilities has been a critical issue in developing new electronic 
materials.62-63 The kink of transfer curves is caused by non-ideal charge transports, which is difficult 
to determine realistic mobilities from the low-voltage regions of the kink. Therefore, we tried to 
extract both p- and n-channel mobilities following practical recommendations of the previous 
researches.64 As shown in Figure 3.5.1a‒c, red, green, and blue fitting lines were reliably plotted to 
extract their maximum mobilities, ones above the kink, and the ideal mobilities with satisfying the 
Shockley equations, respectively. All the calculated mobilities and the reliability values are also 
summarized in Table 3.5.1 (Table 3.7.5 for OFETs with as-cast films). The equations used here are 
described in the Experimental Section. Relatively decreased mobilities were extracted from the high 
voltage regions and ideal fitting lines, with the calculated reliability factors of ~30% for p-channel 
and ~47% for n-channel, respectively. These non-ideal behaviors of the copolymer films would have 
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resulted from the weak van der Waals bonding in the copolymer chains, the minority charge injection, 
and the mismatch of the energy levels between electrode and semiconductors, which is found to be 
much severer in ambipolar semiconductors compared to unipolar semiconductors.65 Furthermore, due 
to the use of high VSD (-100 V) across a short-channel (~ 50 μm), high local electric fields and current 
densities have occurred, thus leading to nonlinear or unstable OFET operation. 
 
Table 3.5.1 Summary of the hole and electron mobilities and reliability factors of solution sheared 
PFDPPX-Si-based OFETs. 
conditionsa p-channel  n-channel 
copolymer 
μmax
b 
[cm2 V‒1 s‒
1] 
μhighV
c 
[cm2 V‒1 s
‒1] 
μeff
d
 
[cm2 V‒1 s
‒1] 
Rsat
e 
[%] 
 
μmax 
[cm2 V‒1 s
‒1] 
μhighV 
[cm2 V‒1 s
‒1] 
μeff 
[cm2 V‒1 s
‒1] 
Rsat  
[%] 
PFDPPF-Si 2.48 0.64 0.74 0.30  0.15 0.11 0.07 0.47 
PFDPPT-Si 1.99 1.49 0.52 0.26  0.21 0.10 0.09 0.44 
PFDPPS-Si 1.90 0.51 0.45 0.24  0.30 0.23 0.13 0.44 
aThe OFET performance of the solution sheared PFDPPX-Si-based devices after annealing; bthe maximum 
mobility of the OFET devices; cthe mobility obtained from the high gate voltage region above the kink of 
transfer curves; dthe effective mobility from the equation, μeff = μmax × Rsat; ethe reliability factor. 
 
Since PFDPPS-Si-based OFET exhibited more balanced hole- and electron- mobilities relative 
to the other ones, we fabricated complementary metal oxide semiconductor (CMOS)-like inverter by 
combining two identical PFDPPS-Si OFETs with a common gate as the input voltage (VIN) and a 
common drain as the output voltage (VOUT) (Figure 3.5.1e). The two transistors in CMOS-like 
inverter shared input and output terminals, which were biased to power supply (VDD). The static-
voltage-transfer characteristics of the inverter exhibit sharp switching and high gain of ~54, as shown 
in Figure 3.5.1f. However, the asymmetric mobilities and threshold voltages of p- and n-channel 
operations caused a relatively non-ideal switching voltage and a hysteresis between forward and 
reverse sweep which is typical for ambipolar semiconductor-based CMOS-like inverters.17 
3.6 Conclusion  
To sum up, we have synthesized a family of furan-flanked DPP copolymers (PFDPPX-Si) by 
appending siloxane-solubilizing groups with counterpart chalcogenophenes including furan, thiophene, 
and selenophene. In order to understand the chalcogen atomic effects, photophysical and 
electrochemical properties were characterized by morphological analyses and charge-transporting 
characteristics in OFETs. With an increase in chalcogen atomic size (O < S < Se), the absorption 
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windows show a bathochromic shift and a narrowing of the band gaps. DFT simulations suggested 
that the ring-size expansion by the larger chalocogen atom can cause a larger steric hindrance between 
the furan-flanked DPP and the chalcogenophenes, resulting in an increase in the backbone planarity in 
the order PFDPPS-Si < PFDPPT-Si < PFDPPF-Si. This can explain a higher crystalline structure 
and a denser π‒π stacking of PFDPPF-Si observed from the morphological study. Consequently, 
among the series, the best hole mobility of to 2.48 cm2 V-1 s-1 is achieved from PFDPPF-Si based-
OFET. In addition, the PFDPPS-Si-based CMOS-like inverter shows a clear response for switching 
action and a high gain of ~54. We demonstrate that the variation of the chalcogen atoms in the 
counterparts to the furan-flanked DPP moiety induces changes in the energetic and kinetic properties 
of the corresponding copolymer films, which sheds light on the understanding of structure-property 
relationships on diverse semiconducting D−A copolymers for OFETs. 
3.7 Supporting Information 
Materials and Instruments: All the chemicals and reagents were purchased from Sigma-Aldrich, 
Alfa Aesar chemical company, and Tokyo Chemical Industry Co., Ltd. without any further 
purification. All solvents were ACS grade unless otherwise noted. 3,6-Bis(5-bromofuran-2-yl)-2,5-
bis[6-(1,1,1,3,5,5,5-heptameth-yltrisiloxan-3-yl)pentyl]-pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione 
(FDPP-Si) and its counterpart monomers of 2,5-bis(trimethylstannyl)furan, 2,5-bis- 
(trimethylstannyl)thio-phene, and 2,5-bis(trimethylstannyl)selenophene were prepared according to 
the established literature procedures.31,68,69 1H and 13C NMR spectra were recorded on a Varian VNRS 
400 MHz spectrometer using deuterated 1,1,2,2-tetrachloro-ethane (C2D2Cl4) as a solvent. The 
elemental analysis of carbon, hydrogen, nitrogen, and sulphur were carried out with a Flash 2000 
elemental analyser. Cary 5000 spectrophotometer and VersaSTAT3 Princeton Applied Research 
Potentiostat were used to obtain the UV-vis-NIR spectra and CV plots according to the reported 
methods.70 GPC was carried out through Agilent 1200 HPLC and miniDawn TREOS and DFT 
calculations were obtained with Gaussian 09 package. 71 For microstructure analysis, the films were 
prepared by solution shearing with optimized condition onto OTS-treated SiO2/Si substrate. Film 
surface morphology was studied by tapping-mode AFM measurements using an Agilent 5500 
scanning probe microscope (SPM) running with a Nanoscope-V controller. The obtained AFM 
topography images were analyzed by using WSxM v5.0 developed by Horcas et al. and Gwyddion. 
GIXD measurements were conducted at PLS-II 9A U-SAXS beamline in Pohang Accelerator 
Laboratory (South Korea). The X-rays coming from the in-vacuum undulator (IVU) were 
monochromated at 11.05 keV (wavelength of 1.12199 Å). The incidence angle (≈ 0.12°) of X-ray 
beam was chosen to allow for complete penetration into the film. GIXD patterns were recorded with a 
2D CCD detector. Approximate crystallite size, LC was extracted using Scherrer equation: 
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𝐿C =
𝐾 ∙ 𝜆
FWHM ∙ 𝑐𝑜𝑠𝜃
 
Lattice disorder parameter, g was derived using the following equation, which slope represents 
the slope of Williamson-Hall plot (1/LC ‒h2):  
g =
√slope ∙ 𝑑
𝜋
 
3,6-di(furan-2-yl)-2,5-di(pen-4-en-l-yl)-pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (1): A solution 
of 5-bromo-1-pentene (6.11 g, 41.0 mmol) was added dropwise to a mixture of FDPP (5.00 g, 18.6 
mmol) and K2CO3 (5.67 g, 41.0 mmol) in anhydrous dimethylformamide (DMF, 100 mL). After 
stirring at 120 oC overnight, the mixture was cooled down to room temperature and concentrated 
under reduced pressure. The compound was extracted in CH2Cl2, washed with brine and dried over 
MgSO4. The crude product was washed with MeOH (300 mL) three times. Isolated yield = 6.11 g 
(81 %) as a dark purplish solid. 1H NMR (CDCl3, 400 MHz)   ppm 8.31 (d, 2H, J = 3.7 Hz), 7.64 (d, 
2H, J = 1.8 Hz), 6.70 (dd, 2H, J = 3.7, 1.8 Hz), 5.93 – 5.75 (m, 2H), 5.10 – 4.95 (m, 2H), 4.18 – 4.10 
(t, 2H, J = 7.41 Hz), 2.22 - 2.13 (m, 4 H), 1.86 – 1.77 (m, 2H); 13C NMR (CDCl3, 100 MHz)  ppm 
160.81, 145.21, 144.55, 137.65, 133.56, 120.17, 115.05, 113.47, 106.38, 41.94, 31.02, 29.27; 
MALDI-TOF MS (m/z) 404.1 (M+); Anal. Calcd. for C24H24N2O4: C, 71.27; H, 5.98; N, 6.93; O, 
15.82. Found: C, 71.32; H, 6.19; N, 6.99; O, 15.66. 
3,6-di(furan-2-yl)-2,5-bis[6-(1,1,1,3,5,5,5-heptamethyltrisiloxan-3-yl)pentyl]-pyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione (2): Compound 1 (5.00 g, 12.4 mmol) was dissolved in anhydrous 
toluene (120 mL) under an argon atmosphere. 1,1,3,3,5,5,5-Heptamethyltrisiloxane (6.06 g, 27.2 
mmol) was injected with the following addition of a drop of Karstedt’s catalyst (platinum(0)-1,3,-
divinyl-1,1,3,3-tetramethyldisiloxane complex solution in xylene, Pt ~2%). The resulting mixture was 
refluxed overnight. The solution was evaporated under reduced pressure and the concentrated crude 
product was purified by chromatography on silica with 0-50% dichloromethane in hexane as eluent. 
Isolated yield = 8.37 g (79 %) as a glittered red solid. 1H NMR (CDCl3, 400 MHz)   ppm 8.30 (d, 2H, 
J = 3.7 Hz), 7.63 (d, 2H, J = 4.1 Hz), 6.70 (dd, 2H, J = 4.1, 3.7 Hz), 4.11 – 4.09 (t, 4H, J = 7.7 Hz), 
1.72 – 1.67 (m, 4H), 1.45 - 1.33 (m, 8H), 0.47 - 0.44 (t, 4H, J = 7.9 Hz), 0.07 - 0.06 (br s, 36H), -0.01 
(s, 6H);  13C NMR (CDCl3, 100 MHz)  ppm 161.10, 145.39, 144.96, 133.87, 120.34, 113.68, 106.71, 
42.67, 30.70, 30.24, 23.11, 17.85, 2.14, 0.00; MALDI-TOF MS (m/z) 848.35 (M+); Anal. Calcd. for 
C38H68N2O8Si6: C, 53.73; H, 8.07; N, 3.30; O, 15.07; Si, 19.84. Found: C, 53.83; H, 8.40; N, 3.35; O, 
15.39. 
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3,6-Bis(5-bromofuran-2-yl)-2,5-bis[6-(1,1,1,3,5,5,5-heptamethyltrisiloxan-3-yl)pentyl]-
pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (3): N-bromosuccinimide (NBS, 2.29 g, 12.9 mmol) was 
added portion-wise to a solution of compound 2 (5.00 g, 5.89 mmol) in CHCl3 (150 mL). The solution 
was stirred at room temperature for 1 hr under light protection. The reaction mixture was poured into 
water (200 mL) and extracted in CH2Cl2. The organic layer was dried over MgSO4 and the solvent 
was evaporated under reduced pressure. The crude compound was purified by chromatography on 
silica with 0-50% dichloromethane in hexane as eluent. Isolated yield = 5.20 g (88 %) as a dark 
purplish solid. 1H NMR (CDCl3, 400 MHz)   ppm 8.24 (d, 2H, J = 3.6 Hz), 6.62 (d, 2H, J = 3.7 Hz), 
4.04 (t, 4H, J = 4 Hz), 1.71 – 1.66 (m, 4H), 1.45 - 1.34 (m, 8H), 0.50 -0.44 (m, 4H), 0.09 - 0.07 (br s, 
36H), -0.01 (s, 6H);  13C NMR (CDCl3, 100 MHz)  ppm 160.75, 146.44, 132.75, 126.66, 122.34, 
115.74, 106.55, 42.79, 30.81, 30.29, 23.17, 17.97, 2.15, 0.00; MALDI-TOF MS (m/z) 1007.208 (M+); 
Anal. Calcd. for C38H66Br2N2O8Si6: C, 45.31; H, 6.60; Br, 15.87; N, 2.78; O, 12.71; Si, 16.73. Found: 
C, 45.43; H, 6.68; N, 2.82; O, 12.38. 
General Procedure for Polymerization and Copolymer Purification: FDPP-Si (0.20 mmol) and 
each distannylated chalcogenophene (0.20 mm) were taken in a long Schlenk tube under argon 
condition with 5 mL of anhydrous toluene. The mixture was degassed for 10 min, followed by 
addition of Pd2(dba)3 (2.0 mol) and P(o-tolyl)3 (8.0 mol) to the solution. The reaction mixture was 
stirred vigorously at 120 oC for 24 hrs. After cooling to room temperature, it was poured into 
methanol (200 mL) and the resulting precipitate was filtered. The copolymer was purified by Soxhlet 
extraction using methanol (1 day), acetone (1 day), and hexane (1 day). The residue was extracted 
with chloroform and precipitated in methanol as a dark purple product and dried over in vacuo. 
PFDPPF-Si: Isolated yield = 71%. GPC (THF, 298 K, against PS standard) Mn = 83.2 kg/mol and 
PDI = 2.66; 1H NMR (C2D2Cl4, 600 MHz, 353 K)  ppm 8.60−8.16 (br, 2H), 7.20−6.56 (br, 4H), 
4.48-3.63 (br, 4H), 1.79−1.23 (br, 12 H), 0.65−(−0.08) (br, 46H). Anal.calc. for C42H70N2O9S4Si6: C, 
55.1; H, 7.71; N, 3.06; Found: C, 54.9; H, 7.60; N, 3.06. 
PFDPPT-Si: Isolated yield = 85%. GPC (THF, 298 K, against PS standard) Mn = 77.4 kg/mol and 
PDI = 2.43; 1H NMR (C2D2Cl4, 600 MHz, 353 K)   ppm 8.59−8.23 (br, 2H), 7.38−7.00 (br, 2H), 
6.90−6.60 (br, 2H), 4.48−3.67 (br, 4H), 1.96−1.21 (br, 12H), 0.55−(−0.12) (br, 46H). Anal.calc. for: 
C42H70N2O8SSi6: C, 54.2; H, 7.57; N, 3.01; Found: C, 54.2; H, 7.55; N, 2.97. 
PFDPPS-Si: Isolated yield = 80%. GPC (THF, 298 K, against PS standard) Mn = 73.6 kg/mol and 
PDI = 2.58; 1H NMR (C2D2Cl4, 600 MHz, 353 K)  ppm 8.63−8.23 (br, 2H), 7.55−7.18 (br, 2H), 
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6.94−6.60 (br, 2H), 4.48−3.73 (br, 4H), 1.93−1.30 (br, 12H), 0.60−(−0.15) (br, 46H). Anal.calc. for 
C42H70N2O8SeSi6: C, 51.6; H, 7.21; N, 2.86; Found: C, 52.0; H, 7.20; N, 2.79. 
Substrate Preparation: A highly n-doped (100) Si wafer (< 0.004 Ω·cm) with a thermally grown 
SiO2 (300 nm, Ci =11.5 nF cm−2) was utilized as the substrate and gate dielectrics. And the SiO2 
surface was modified with OTS as self-assembled monolayer (SAM) according to previously reported 
method. 3 mM of OTS solution in trichloroethylene was spin-coated on the piranha-treated wafer at 
1500 rpm for 30 s. Then, the wafer was exposed to ammonia vapor for ~12 h to facilitate the 
formation of SAM, followed by sonication in toluene, sequential washing, and drying. The water 
contact angle of OTS treated surface was ~109°. The highly hydrophobic OTS-modified surface is 
important to modify surface energy and polarity of the SiO2 surface. 
OFET Fabrication and Measurement: OFETs with bottom-gate top-contact configuration were 
prepared to characterize the electrical performance of PFDPPX-Si copolymers. The copolymers were 
dissolved in anhydrous chlorobenzene (5 mg mL−1) and the copolymer films was solution sheared 
onto the OTS-treated Si/SiO2 substrate in nitrogen atmosphere. To enhance the FET performance, 
thermal annealing was applied at 220 °C for 30 min. 40 nm of Au source-drain contacts were 
thermally evaporated onto the surface of copolymer films to form a channel with length (L) of 50 μm 
and a width (W) of 1000 μm using a shadow mask. The electrical performance was tested in nitrogen-
filled glove box using a Keithley 4200-SCS semiconductor parametric analyzer. Transfer 
characteristics (IDS as a function of VG, where IDS is the source-drain current, VG is the gate voltage) 
and output characteristics (IDS as a function of VDS at various VG, where VDS is the drain voltage) were 
measure. The field-effect mobility was calculated in the saturation regime using the following 
equation: 
𝐼𝐷𝑆 =  
𝑊
2𝐿
𝜇𝐶i(𝑉G − 𝑉T)
2,   𝑉DS > 𝑉G − 𝑉T 
In the case of n-channel operation, the modified equation was used to extract the reliability 
factors due to the highly shifted threshold voltage (VT). The reliability factors due to the highly shifted 
threshold voltage (VT). The reliability factors were calculated using the following equations: 
𝑅𝑠𝑎𝑡(𝑝 − channel) = (
√|𝐼DS|max − √|𝐼DS|0
|𝑉G|max
)
2
(
𝜕√|𝐼DS|
𝜕𝑉G
)
2
⁄  
𝑅𝑠𝑎𝑡(𝑛 − channel) = (
√|𝐼DS|max − √|𝐼DS|min
|𝑉G
max − 𝑉T|
)
2
(
𝜕√|𝐼DS|
𝜕𝑉G
)
2
⁄  
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Figure 3.7.1 TGA plots of PFDPPX-Si copolymers with a heating rate of 10 °C/min under a nitrogen 
atmosphere and an inset box indicating each temperature at 5% weight loss. 
 
 
 
 
Table 3.7.1 Electrical properties of PFDPPX-Si from the DFT calculations. 
copolymer 
EHOMO 
(eV) 
ELUMO 
(eV) 
Eg 
(eV) 
PFDPPF-Si –4.66 –2.84 1.82 
PFDPPT-Si –4.64 –2.87 1.77 
PFDPPS-Si –4.62 –2.88 1.74 
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Figure 3.7.2 PSD analysis of the AFM images presented in Fig. 3 for (a) PFDPPF-Si, (b) PFDPPT-
Si, and (c) PFDPPS-Si films before (black line) and after (red line) annealing at 220 ℃. 
 
 
 
 
Table 3.7.2 PSD analysis parameters of as-cast and annealed PFDPPX-Si polymer films. 
condition 
as-cast (N/A)  annealed at 220 ℃ 
spatial frequency, k 
[μm‒1] 
correlation length 
[nm] 
 spatial frequency, k 
[μm‒1] 
correlation length 
[nm] 
PFDPPF-Si 3.33 300  2.72 368 
PFDPPT-Si 9.55 105  7.03 142 
PFDPPS-Si ‒a ‒a  21.8 45.9 
aThe spatial frequency and correlation length could not be extracted. 
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Figure 3.7.3 The height thresholding of PFDPPF-Si films (a) before and (b) after thermal annealing 
at 220 ℃. Shearing force was applied through the vertical direction to form polymer films. The grains 
marked by green were formed in the shearing direction. The two-dimensional autocorrelation of 
PFDPPF-Si films (c) before and (d) after thermal annealing at 220 ℃ with threshold 0.05. The film 
anisotropy (red spot) was evaluated to be aligned through shearing direction. 
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Figure 3.7.4 2D-GIXD images of as-cast a) PFDPPF-Si, b) PFDPPT-Si, and c) PFDPPS-Si films 
prepared by solution shearing method on OTS-treated SiO2/Si substrates with shearing speed of 0.1 
mm s-1. The corresponding X-ray diffractogram profiles of d) in-plane and e) out-of-plane GIXD 
patterns. f) Williamson-Hall plots of the diffraction peaks obtained from out-of-plane direction; black 
lines for PFDPPF-Si, red lines for PFDPPT-Si, and blue lines for PFDPPS-Si. 
 
 
Table 3.7.3 Crystallographic parameters of as-cast PFDPPX-Si polymer films.a 
Polymer 
Lamellar spacing  π−π stacking 
qz,(100) 
[Å ‒1] 
dz,(100) 
[Å ] 
FWHM(100
) [Å ‒1] 
Lz,(h00)
b
 
[Å ] 
gc 
[%] 
 
qz,(010) 
 
[Å ‒1] 
qxy,(010) 
[Å ] 
qxy,(010) 
[Å ‒1] 
dxy,(010) 
[Å ] 
PFDPPF-Si 0.256 24.6 0.0238 263.2 3.03  1.70 3.69 1.71 3.68 
PFDPPT-Si 0.263 23.9 0.0276 222.2 3.03  1.66 3.79 1.65 3.82 
PFDPPS-Si 0.264 23.8 0.0329 188.7 3.30  1.66 3.77 1.67 3.76 
aThe polymer films were prepared by solution shearing with shearing speed of 0.1 mm s−1 without further 
treatment, and their parameters were calculated from GIXD profiles; btrue crystallite size obtained from the 
intercept of the straight line with the ordinate of the Williamson-Hall plot; clattice disorder parameter which is 
related to slope of the Williamson-Hall plot. 
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Table 3.7.4 Summary of the electrical characteristics of OFETs with PFDPPX-Si films under 
different conditions. 
conditiona p-channel  n-channel 
copolymer films 
Ta  
[°C] 
μmax 
[cm2 V‒1 s
‒1] 
μavgb 
[cm2 V‒1 s‒1] 
Ion/Ioff  
μmax 
[cm2 V‒1 s
‒1] 
μavg 
[cm2 V‒1 s‒1] 
Ion/Ioff 
PFDPPF-
Si 
drop 
cast 
N/Ac 1.03 0.78 (±0.149)d >107  0.06 0.05 (±0.005) >103 
220 1.80 1.16 (±0.339) >106  0.10 0.07 (±0.020) >103 
solution 
sheared 
N/A 1.20 0.86 (±0.178) >105  0.12 0.08 (±0.024) >104 
220 2.48 1.80 (±0.473) >104  0.16 0.12 (±0.031) >103 
PFDPPT-
Si 
drop 
cast 
N/A 0.84 0.69 (±0.122) >107  0.12 0.10 (±0.010) >103 
220 1.56 1.12 (±0.213) >107  0.18 0.13 (±0.030) >104 
solution 
sheared 
N/A 0.94 0.76 (±0.120) >106  0.14 0.12 (±0.016) >103 
220 1.99 1.43 (±0.204) >107  0.21 0.18 (±0.022) >104 
PFDPPS-
Si 
drop 
cast 
N/A 0.69 0.59 (±0.076) >106  0.12 0.11 (±0.006) >103 
220 1.05 0.85 (±0.120) >106  0.21 0.18 (±0.016) >105 
solution 
sheared 
N/A 0.82 0.63 (±0.112) >107  0.17 0.15 (±0.010) >103 
220 1.90 1.20 (±0.303) >106  0.30 0.23 (±0.032) >104 
aThe OFETs were manufactured by using polymer films fabricated by drop casting and solution shearing 
methods. The p-channel and n-channel characteristics of ambipolar OFETs were measured with VDS = −100 and 
+100 V, respectively; bthe average mobility of at least 15 OFET devices; cthe thermal annealing was not applied; 
dthe standard deviation of mobility values. 
 
 
 
７２ 
 
 
Figure 3.7.5 I-V curves obtained from FET devices fabricated by optimized condition (solution 
shearing, thermal annealing at 220 ℃): a-d) PFDPPF-Si, e-h) PFDPPT-Si, and i-l) PFDPPS-Si. 
Transfer characteristics at a, e, and i) for hole- and b, f, and j) for electron-enhancement operations 
with VDS = −100 and +100 V, respectively. Output characteristics at c, g, and k) for p- and d, h, and l) 
for n-channel operation (L = 50 μm and W = 1000 μm).  
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Figure 3.7.6 I-V curves obtained from FET devices fabricated by solution shearing. Thermal 
annealing was not applied: a-d) PFDPPF-Si, e-h) PFDPPT-Si, and i-l) PFDPPS-Si. Transfer 
characteristics at a, e, and i) for hole- and b, f, and j) for electron-enhancement operations with VDS = 
−100 and +100 V, respectively. Output characteristics at c, g, and k) for p- and d, h, and l) for n-
channel operation (L = 50 μm and W = 1000 μm).  
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Figure 3.7.7 p- and n-channel transfer curves (left and right, respectively) of OFETs prepared by 
solution shearing with shearing speed of 0.1 mm s−1. Thermal annealing was not applied: a) PFDPPF-
Si, b) PFDPPT-Si, and c) PFDPPS-Si. The red line is represented for the fitting line of the maximum 
mobility, the green line for the fitting line at a high gate voltage above the kink, and the blue line for 
the ideal FET characteristics which satisfy the ideal Shockley equations. 
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Table 3.7.5 Summary of the hole and electron mobilities and reliability factors of solution sheared, 
as-cast PFDPPX-Si-based OFETs.a 
conditionsa p-channel  n-channel 
copolymer 
μmax
b 
[cm2 V‒1 s‒
1] 
μhighV
c 
[cm2 V‒1 s
‒1] 
μeff
d
 
[cm2 V‒1 s
‒1] 
Rsat
e 
[%] 
 
μmax 
[cm2 V‒1 s
‒1] 
μhighV 
[cm2 V‒1 s
‒1] 
μeff 
[cm2 V‒1 s
‒1] 
Rsat  
[%] 
PFDPPF-Si 1.20  0.17  0.32  0.27   0.12  0.05  0.04  0.33  
PFDPPT-Si 0.94  0.30  0.30  0.31   0.14  0.08  0.05  0.38  
PFDPPS-Si 0.82  0.21  0.24  0.29   0.15  0.12  0.05  0.34  
aThe FET performance of the solution sheared PFDPPX-Si-based devices before annealing; bthe maximum 
mobility of the FET devices; cthe mobility obtained from the high gate voltage region above the kink of transfer 
curves; dthe effective mobility from the equation, μeff = μmax × Rsat; ethe reliability factor. 
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4.1 Motivation  
-Conjugated organic semiconductors are important in the development of renewable energy 
sources through their role in organic solar cell (OSC) research.1-5 Their advantages include the ease of 
modulation of optoelectronic properties and synthetic versatility. Since the evolution of non-fullerene 
acceptors (NFAs) in binary blends with electron-donating materials, significant enhancements in 
power conversion efficiencies (PCEs), up to almost 16%, have made them commercially viable.6-12 
They are relatively easy to synthesize, have strong light absorption, and morphological stability, 
among other characteristics. Together with the rapid development of binary systems in NF-OSCs, a 
ternary concept–the physical introduction of a third component into a host donor–acceptor pair–has 
gathered momentum by virtue of its complementary merits: broad absorption windows, existing high-
performance materials, and simple device fabrications.13-17 Along with the aforementioned advantages 
of ternary systems, the roles of the third components have exerted favorable influence upon the 
photovoltaic parameters of a short-circuit current (JSC), an open-circuit voltage (VOC), and a fill factor 
(FF) with considerable impacts on its merged PCE.18-22 Ternary systems are thus emerging as a 
promising avenue for further improvement of NF-OSCs. 
Although four major working mechanisms of ternary systems are known, including charge 
transfer, energy transfer, parallel-like model, and an alloy-like model, there is still debate due to their 
complicated morphology, which is induced by the addition of a component relative to a binary 
system.23-27 Occasionally, there are co-existing mechanisms governing photovoltaic processes in 
ternary systems.28-32 Therefore, their mechanisms must be further clarified to enable the rational 
selection of the third component and further improve their performances. Numerous studies have been 
conducted on ternary OSCs using a wide range of versatile functionalized third compounds, and these 
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have provided an understanding of their crucial structural functions;33-37 however, much less attention 
has been given to organic semiconductors engineered in different conjugated directions and how they 
impact the morphology and device performance in OSC application.38-45  
In this study, taking into account the above considerations, three small molecules based on a 
fused benzo[1,2-b:4,5-b']dithiophene (BDT) core and 3-ethylrhodanine (RD) terminal groups with 
structurally different -conjugation systems (SM-axis series) were designed and synthesized, where 
SM-X, SM-Y, and SM-XY are horizontal-, vertical-, and cross-type structures, respectively (see 
Scheme 1 for their structures). In order to shed light on the effect of the conjugation pathways and 
gain a better understanding of the working mechanism in ternary NF-OSCs, we employed these SM-
axis molecules as the third component in an archetype of a host binary pair (poly[(2,6-(4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b′]dithiophene)-co-(1,3-di(5-thiophene-2-yl)-5,7-bis(2-
ethylhexyl)-benzo[1,2-c:4,5-c′]dithiophene-4,8-dione)] (PBDB-T):3,9-bis(2-methylene-(3-(1,1-
dicyanomethylene)-indanone)-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2′,3′-d′]-s-
indaceno[1,2-b:5,6-b′]-dithiophene (ITIC)). Compared to PBDB-T:ITIC binary NF-OSC, the 
incorporation of an optimal amount of SM-X and SM-Y led to the improvement of PCE up to values 
of 10.86%, but a decrease in PCE was observed upon adding SM-XY. Using various characterization 
techniques, we found that ternary NF-OSCs based on SM-X and SM-Y work as an alloy model, with 
energy transfer for the former and charge transfer for the latter. By contrast, due to its strong 
crystalline properties, only energy transfer occurs in the SM-XY case without the formation of such a 
structure. This study opens a new frontier in understanding ternary blend device performance 
correlations along different conjugated pathways and opens new research directions in understanding 
these systems. 
4.2 Material Synthesis 
As shown in Scheme 4.2.1, the synthetic routes of the SM-axis series begin at a 4,8-dithienyl-
substituted BDT compound (M1) consisting of four α-unprotected thiophene rings, where two linear 
octyl groups were chosen to provide solubility and promote backbone packing. Different reactivities 
with respect to the α-position of thiophene rings in BDT and thienyl side-chains provide the key 
synthetic handle into achieving SM-axis small molecules.40 In other words, the lithiation of M1 with 
stoichiometric controls of n-butyllithium (n-BuLi), followed by quenching with dimethylformamide 
(DMF), afforded the di- and tetra-aldehyde-substituted intermediates (M2 and M4, respectively), in 
good yields (75−81%), whereas the selective Vilsmeier–Haack reaction of thiophene rings in the 
thienyl side-chains with a Vilsmeier reagent afforded the corresponding aldehyde (M3, yield = 91%). 
The target SM-axis molecules were synthesized by Knoevenagel condensation of each aldehyde 
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intermediate and RD terminal groups in the presence of piperidine as a catalyst (yields = 68−76%). 
All new compounds were characterized by 1H NMR and 13C NMR analysis with high-resolution mass 
spectrometry (HRMS) (see Experimental section). SM-axis molecules are well-dissolved in organic 
solvents of chloroform and chlorobenzene at room temperature for facile device fabrications. 
 
Scheme 4.2.1. Synthetic routes of SM-axis series. 
 
 
4.3 Optical/Electrochemical Properties 
The UV-vis absorption spectra for SM-axis molecules in solution and film states are shown in 
Figure 4.3.1a and Figure 4.8.1, with summarized values given in Table 4.3.1. In addition to the weak 
absorption band in the high-energy region (<350 nm), the SM-axis molecules exhibit strong 
absorptions in the low-energy region of 400–670 nm with absorption coefficient values of ~3.2–4.0  
104 cm−1. Relative to their solutions, the absorptions of SM-axis films undergo red-shift and widening, 
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suggesting some aggregation in the films.46-47 Interestingly, the absorption profiles of the SM-axis 
strongly depend upon the functionalized direction and the number of RD terminal groups: (i) SM-XY 
with a larger number of RD groups produce a red-shifted absorption when compared to SM-X and 
SM-Y, resulting from the pronounced intramolecular charge transfer (ICT) between the BDT and RD 
units through a cruciform-conjugated bridge. (ii) SM-X and SM-Y exhibit two 0–0 and 0–1 
vibrational transitions in the low-energy region, whereas 0–0, 0–1, and 0–2 transitions are observed in 
SM-XY. (iii) When passing from solution to film, the relative intensity ratio of 0–0 and 0–1 (A0–0/0–1) 
for SM-X decreases, whereas in SM-Y and SM-XY, these ratios remain almost unchanged. (iv) As 
shown in Table 4.3.1, for films, the A0–0/0–1 value of SM-Y is larger than both unity and those of SM-
X and SM-XY, implying the existence of different types and degrees of aggregates as a function of 
the functionalized direction and the number of RD terminal groups.48-50 (v) The strong absorptions of 
all SM-axis molecules in the short-wavelength region (400−550 nm) are complementary with those of 
the binary platform (PBDB-T and ITIC) used in this study (see Figure 4.4.1b below). 
 
 
Figure 4.3.1 (a) Normalized UV-Vis absorption profiles in chloroform solution and as thin films, (b) 
CV plots divided into the reduction/oxidation sections, and (c) HOMO/LUMO isosurfaces with 
partitioning round-squared by colors from DFT calculations of SM-axis series.  
 
The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) energy levels of the SM-axis molecules were measured by cyclic voltammetry (CV) under 
identical conditions. As shown in Figure 4.3.1b, all three tested molecules underwent irreversible 
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reduction and oxidation processes. HOMO/LUMO levels were calculated from reduction and 
oxidation onset potentials against a ferrocene/ferrocenium standard: −5.73/−3.82 eV for SM-X, 
−5.63/−3.61 eV for SM-Y, and −5.74/−3.95 eV for SM-XY (Table 4.3.1). The CV measurements 
clearly demonstrate that the introduction of multiple pairs of RD groups decreases the electrochemical 
bandgap (Eg) by simultaneously downshifting HOMO and LUMO levels. In other words, SM-XY 
with two pairs of RDs has deeper-lying HOMO and LUMO levels than both SM-X and SM-Y with a 
pair of RDs. In addition, we found that, relative to SM-X, the HOMO and LUMO levels of its 
constitutional isomer SM-Y are relatively higher, indicating that the functionalized direction of RD 
groups has a strong impact on the molecular energy levels.41, 51 Note that the variation trend in the 
electrochemical Egs is consistent with the results of the optical Egs acquired from the absorption 
spectra.  
 
Table 4.3.1 Optical and electrochemical properties of SM-axis. 
SM-axis 
UVSoln.a UVFilm a CVFilm 
λmax 
(nm) 
A0–0/0–
1
b 
λmax 
(nm) 
A0–0/0–1
b 
ɛmax 
(cm-1) 
Eg
 
(eV)c
 
EHOMO 
(eV)d 
ELUMO 
(eV)d 
Eg
 
(eV)e
 
SM-X 
539, 465, 
364, 311 1.01 
562, 473, 
374, 321 0.73 38,662 1.94 -5.73 -3.82 1.91 
SM-Y 
484, 382, 
308 1.61 
511, 406, 
316 1.47 32,681 2.07 -5.63 -3.61 2.02 
SM-XY 
535, 463, 
388, 307 0.54 
566, 470, 
393, 317 0.53 39,576 1.85 -5.74 -3.95 1.79 
aTaken from the SM-axis solutions in chloroform and the corresponding films on glass substrates; bcalculated 
from the normalized-intensity ratios of 0–0 and 0–1 peaks; cdetermined by onset of the UV-vis absorption plots; 
destimated from the oxidation and the reduction onsets (Eonsetox and Eonsetred) against the half-wave potential of 
ferrocene (E1/2ferrocene) by the equations for HOMO energy level of EHOMO = – (Eonsetox – E1/2ferrocene + 4.8) eV and 
for LUMO energy level of ELUMO = – (Eonsetred – E1/2ferrocene – 4.8) eV; dcalculated from the estimated frontier 
energy levels, Eg = ELUMO – EHOMO. 
 
To elucidate the electron density distributions of HOMO/LUMO levels in certain structural 
conformations, density functional theory (DFT) using a B3LYP/6-31G* basis set was performed on 
the SM-axis molecules. In the optimized geometries of these molecules, the dihedral angles between 
the thienyl side-chains and the BDT core are more than 50°, which is similar to values reported from 
previous literature (Figure 4.8.2).39, 52-53 As shown in Figure 4.3.1c, the HOMOs of both SM-X and 
SM-XY are predominantly located on the dithienyl and BDT blocks, whereas the HOMO of SM-Y 
further spans over the entirety of the conjugated parts, including dithienyl, BDT, and the RD groups. 
On the other hand, the LUMOs of SM-X and SM-XY are concentrated on the BDT and BDT-flanked 
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RD terminal units, whereas SM-Y exhibits almost exclusive localization on the dithienyl and RD 
parts rather than the BDT central region. Consequently, the HOMO and LUMO of SM-Y show a 
more significant spatial separation than other samples. In addition, this partitioning is not only more 
pronounced for LUMO+1 and LUMO+2 of SM-Y, but it also appears from LUMO+1 to LUMO+2 of 
SM-XY. We believe that the twisted molecular conformation induced by the large torsion between the 
BDT central ring and adjacent dithienyl units leads to significant partitioning in both SM-Y and SM-
XY containing a vertical-BDT conjugated system except for the SM-X with a horizontal-BDT 
conjugated system.38, 52, 54 Note that SM-XY is referred to as a cross-BDT conjugated system since its 
structure is simultaneously connected along both the vertical and horizontal directions.  
4.4 Device Characterization  
 
Figure 4.4.1 (a) Molecular structures, (b) normalized UV-Vis absorption profiles, (c) energy level 
diagram estimated from the CV measurements of SM-axis, PBDB-T, and ITIC, (d) J-V curves and (e) 
the corresponding EQE spectra from the optimized ternary devices and the model binary one with a 
device area of 4 mm2.  
 
To investigate the photovoltaic properties of ternary NF-OSCs with the SM-axis as a third 
component, a host binary pair of PBDB-T and ITIC was chosen as shown in Figure 4.4.1a. The 
ternary NF-OSCs were fabricated by using a conventional architecture of indium tin oxide 
(ITO)/poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)/active layer/perylene 
diimide functionalized with amino N-oxide (PDINO)/Al, where PDINO was selected as an electron 
transport layer due to its energy levels and electron extraction ability.55 Prior to estimation of OSC 
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performances in ternary systems, the SM-axis molecules were assessed for host materials with a 
broad array of counterpart materials in binary OSCs as presented in Figure 4.8.3 and Table 4.8.1. 
However, all the photovoltaic parameters were failed to operate binary devices properly, which can be 
ascribed to the discrete-length structures of SM-axis. Due to their limited conjugation and planar 
structures, the low absorption coefficients of SM-axis implied insufficient light-harvesting 
capabilities (see Figure 4.8.1) and highly aggregating properties afforded undesirable morphologies 
as shown in Figure 4.8.4 (discussed in the later section), indicating that those demerits of SM-axis as 
host materials can be compensated in ternary devices as third components with optimal amounts. As 
shown in Figure 4.4.1b, the strong absorptions of the SM-axis molecules around 400–550 nm 
complement the absorption valley of the host materials (PBDB-T and ITIC), being potentially 
beneficial in enhancing the photon harvesting ability of ternary blend films. Figure 4.4.1c presents a 
schematic energy level diagram of the active components estimated from CV measurements as shown 
in Figure 4.8.5. The LUMO energy levels of PBDB-T, the SM-axis series, and ITIC provided a 
cascade alignment for efficient electron transfer, whereas for SM-X and SM-XY, the HOMO levels 
failed to align in such a cascade fashion and SM-Y showed very similar HOMO level to the ITIC 
acceptor, suggesting that the cascade-type hole transfer mechanism did not become deeply involved in 
the ternary blends. Chlorobenzene and 1,8-diiodooctane (DIO, 0.2 vol%) were used as the solvent and 
additive, and the PBDB-T:ITIC ratio of the binary device was optimized to be 1:1. Further 
information on the fabrication of the device can be found in the Experimental section.  
To deduce the optimal amounts of each SM-axis molecule in the ternary blends, a series of 
ternary NF-OSCs were firstly made with varying weight ratios (n wt%) relative to ITIC (100–n wt%). 
The current density versus voltage (J–V) curves of the binary and ternary NF-OSCs with different 
SM-axis contents tested in this study are presented in Figure 4.8.6-4.8.8, and the corresponding 
device characteristics are summarized in Table 4.8.2-4.8.4. The ternary NF-OSCs with different mass 
ratios (5–30 wt%) of SM-X exhibit an overall better device performance than the PBDB-T:ITIC 
binary control device. At an optimal amount (15 wt%) of SM-X, the highest PCE of 10.86% is 
achieved when improvements are applied to all photovoltaic parameters (JSC of 16.94 mA cm−2, VOC 
of 0.933 V, and FF of 68.72%). For SM-Y-based ternary NF-OSCs, the optimal weight ratio was 
determined to be 10 wt% of SM-Y, which delivers a PCE of 10.05%. Herein, it is worth noting that at 
SM-Y loadings higher than 15 wt%, a gradual drop in FF is observed, and the ternary NF-OSCs 
exhibit outstanding FFs (>67%) after SM-X loadings higher than 10 wt%, suggesting that a more 
balanced charge transport is present in the active layer with sufficient SM-X content. On the other 
hand, the PCEs of ternary NF-OSCs based on SM-XY show a monotonous decreasing trend along 
with increasing SM-XY loading ratios, mainly attributed to the notably decreased FFs. This leads to a 
low PCE of 9.36% at the minimum SM-XY loading (5 wt%), which has a maximum value worse than 
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the binary control case. Taken together, one can conclude that the variation of PCEs as a function of 
the type of SM-axis molecules stems largely from a change in FFs rather than JSC and VOC values, 
suggesting different compatibility between them and the host materials. It is also interesting to note 
that for both SM-X- and SM-Y-based ternary systems, VOC gradually increases with increased SM-X 
and SM-Y contents, but decreases when their fractions increase beyond 20%. On the other hand, we 
find that the VOCs of SM-XY-based ternary systems are almost constant with one of the binary 
reference. Since VOCs are mainly affected by the energy levels of the materials used,56-58 the HOMO 
and LUMO energy levels of the acceptor blend films of ITIC:SM-axis on varying ratios were 
measured by CV measurements, as presented in Figure 4.8.9 and Table 4.8.5.59-60 Obviously, the 
onsets for reduction potentials in SM-X and SM-Y blends are gradually decreased with increasing the 
contents, whereas a series of SM-XY-based binary films shows independence of the electrochemical 
potentials on weight ratios, thus leading to almost no change in VOCs of the corresponding ternary 
devices. The observed VOC values of ternary NF-OSCs based on SM-X and SM-Y with varying 
contents up to 20% are correlated with their LUMO energy levels (see Figure 4.8.10), indicating the 
formation of a new transport channel between SM-X and SM-Y and ITIC as alloy-like structures. In 
contrast, the drops in VOCs of the ternary devices on the increased fractions of SM-X and SM-Y over 
20% can be originated from their highly agglomerated properties with large ratios as shown in Figure 
4.8.4, accounting for the large phase separation with the host materials to undesirable transport 
channels.31-32 
 
Table 4.4.1 Summary of device parameters of the ternary devices with the optimized amounts of SM-
axis as the third component under AM 1.5G irradiation at 100 mW cm-2 with a device area of 4 mm2. 
Device JSC (mA cm
-2)a V
OC 
(V)a FF (%)a 
PCE (%) 
avg. a/max 
Binary 18.09 ± 0.5  0.897 ± 0.003  66.17 ± 2 10.59/10.86 
Ternary w/ SM-X 
(15 wt%) 
18.86 ± 0.5 0.924 ± 0.006 68.15 ± 0.8 11.77/11.96 
Ternary w/ SM-Y 
(10 wt%) 
18.22 ± 0.7 0.916 ± 0.004 67.61 ± 0.7 11.09/11.48 
Ternary w/ SM-XY 
(5 wt%) 
17.86 ± 0.3 0.901 ± 0.002 64.15 ± 2 9.84/10.21 
aObtained from 20 devices for the average values with the standard deviations. 
 
Based on the screenings in weight ratios on the ternary OSCs, we further optimized the ternary 
systems with the high-quality PBDB-T batch at each optimal ratio of SM-axis. Unfortunately, SM-
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XY exhibits the detrimental effect onto the photovoltaic performance as its amount increases. To 
elucidate the structure-property relationship on optoelectronic and morphological aspects, 5 wt% of 
SM-XY is set as the test bed among them for a clear comparison. Figure 4.4.1d shows the 
representative J–V characteristics of the optimized NF-OSCs with Table 4.4.1 summarizing the 
detailed photovoltaic properties of the corresponding devices. The optimized PBDB-T:ITIC binary 
NF-OSC offers a PCE of 10.86% with a JSC of 18.09 ± 0.5 mA cm−2, a VOC of 0.897 ± 0.003 V, and a 
FF of 66.17 ± 2%. Along with the initial assessment, it is found that all the photovoltaic parameters, 
especially VOCs and FFs are effectively improved by introducing SM-X and SM-Y, ultimately 
delivering the superior PCEs of 11.96% and 11.48%, respectively. In the similar trend, the SM-XY-
based ternary device shows significant drops in mainly JSC and FF, yet a constant VOC, thus resulting in 
a decreased PCE of 10.21%. External quantum efficiency (EQE) spectra of each optimized device are 
shown in Figure 4.4.1e. The EQE values of ternary NF-OSCs are enhanced in the spectral range of 
400–550 nm when SM-axis molecules are added; this can be explained by their complementary 
absorptions. Note that the slightly reduced EQE of the SM-XY-based device in the 550–750 nm 
region may be attributed to unfavorable morphology induced by the incorporation of SM-XY, which 
supports the above explanation for the steady VOC. 
 
Figure 4.4.2 (a) JSC and (b) VOC as a function of I, and (c) Jph versus Veff characteristics of the 
optimized ternary devices with the binary one. 
 
To study the charge recombination processes in the optimized devices, measurements of JSC and 
VOC versus a function of light intensity (I) were made, as shown in Figure 4.4.2a and 4.4.2b. The JSC 
dependence on I follows the power law of JSC  I, where  is the exponential factor and the 
dependence of VOC on I is expressed by the natural logarithmic formula VOC  n(κT/q)ln(I), where κ is 
Boltzmann’s constant, T is absolute temperature, and q is elementary charge. The fitted (α, n) values 
are (0.979, 2.01), (0.983, 1.67), (0.982, 1.90), and (0.976, 2.09) for NF-OSCs based on the binary 
control and SM-X, SM-Y, and SM-XY ternary blends, respectively. This indicates that the SM-X 
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ternary blend device possesses the weakest trap-assisted and bimolecular recombination, which is 
consistent with its high FF.61-62 
Figure 4.4.2c and Table 4.8.6 shows photocurrent (Jph) versus effective applied voltage (Veff) for 
the corresponding devices. At Veff > 1 V, Jph reaches saturation (Jsat) in all cases, suggesting minimal 
charge recombination at high voltages. The overall charge dissociation probability, estimated from the 
ratio of Jph/Jsat under the short-circuit conditions, is almost the same for the binary device and all 
ternary devices (96.1–96.9%). In addition, the charge transport properties in the optimized binary and 
ternary blend films were measured by space-charge-limited current (SCLC) using the electron-only 
and hole-only devices (Figure 4.8.11). Comparing the hole (h, 1.66  10−4 cm2 V−1 s−1) and electron 
(e, 4.30  10−5 cm2 V−1 s−1) mobilities for the PBDB-T:ITIC binary device, one observes that all of 
the ternary blends show higher hs and lower es. This can be explained by the p-type dominant 
characteristics of SM-axis molecules, which have approximately one order of magnitude higher h 
than e.63-64 
4.5 Photoluminescence Properties  
To study the exciton separation behavior, photoluminescence (PL) measurements were initially 
conducted on neat films of SM-axis excited at each absorption maximum as shown in Figure 4.8.12. 
Along with the experimental spectra, time-dependent DFT (TD-DFT) was also performed for 
claculated electronic excitation energies at the same basis set in gas phase using the optimized 
ground-state structures for absorption spectra and then, the optimized structures of the first excited 
states for emission spectra of SM-axis.65-66 The simulated absorption and emission spectra for SM-
axis are shown in Figure 4.8.12a-c and the corresponding properties in the excited states are 
illustrated in Table 4.8.7. In the calculated absorption profiles, the main excitation energies for a 
HOMO-to-LUMO transition are highly correlated with the experimented absorption properties in the 
same red-shift trend (see Figure 4.3.1). It is also noteworthy that the simulated emission spectra show 
largely varied relaxation energies depending on SM-axis, thus leading to Stoke shifts estimated from 
the calculated absorption/emission maxima in the following order: SM-Y < SM-XY < SM-X, being 
consistent with the trend of the experimented Stoke shifts. According to the literatures,67-69 the large 
Stoke shifts of SM-X and SM-XY over 100 nm can be ascribed to the aromatic stabilization of the 
excited states from continuous electron delocalization pathways of the BDT and RD groups, 
compared with SM-Y embedding exclusive localization from the BDT core with the large dihedral 
angle. From the underlying mechanisms in teranry OSCs, overlaps of PL spectra of energy donors 
with absorption spectra of enegy acceptors suggest the possibility of Förster energy transfer between 
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them to enable a more efficient light harvesting.30, 32 Therefore, structurally different conjugated 
pathways can finely tune PL properties for favorable energy transfer in ternary systems.  
To corroborate the benefits of variations in PL properties on SM-axis, each of the PBDB-T- and 
ITIC-based binary and ternary films with the optimized amount of each SM-axis was characterized by 
PL measurements. The maximum emission peaks are 705, 628, and 655 nm for SM-X, SM-Y, and 
SM-XY excited at 460 nm as well as 715 and 797 nm for PBDB-T and ITIC excited at 560 and 650 
nm, respectively as shown in Figure 4.8.13. For the PBDB-T:SM-axis binary blend films excited at 
460 nm (Figure 4.5.1a), no emission peaks relating to the SM-axis molecules are observed, and the 
emission intensity of PBDB-T at 715 nm is markedly quenched in the PBDB-T:SM-Y blend. 
However, for both the PBDB-T:SM-X and PBDB-T:SM-XY blends, the emission peak of PBDB-T 
still exists to some extent and is even stronger than that of the neat PBDB-T film excited at 460 nm 
(see Figure 4.8.14a). These results suggest that proficient energy transfer occurs in PBDB-T:SM-X 
and PBDB-T:SM-XY blends, but that charge (electron/hole) transfer is involved in the PBDB-T:SM-
Y blend.30, 32, 70 Note that the ITIC:SM-axis binary blends excited at 460 nm also showed that similar 
emission trends depend on the type of SM-axis molecules present, i.e., the energy transfer from SM-
X or SM-XY to ITIC and charge transfer between ITIC and SM-Y (Figure 4.5.1b and 4.8.14b). We 
found a spectral overlap between the emission of SM-axis molecules and absorption of PBDB-T or 
ITIC, which is necessary for efficient energy transfer correlated with our aformentioned discussion. 
Additionally, the slightly lower emission intensity of the SM-XY-based binary blends with PBDB-T 
or ITIC relative to the SM-X-based binary blends is possibly the result of aggregation-induced 
quenching (discussed in the later section). When the binary blend films are excited at 560 and 650 nm, 
as shown in Figure 4.8.14c and 4.8.14d, respectively, little quenching of the emission peaks is noticed, 
indicating that the small amounts of SM-axis molecules (5–15 wt%) in the binary blends seem to be 
insufficient to enable efficient charge transfers from PBDB-T or ITIC to SM-axis molecules. 
 
Figure 4.5.1 PL spectra excited at 460 nm of the binary films of (a) PBDB-T:SM-axis and (b) 
ITIC:SM-axis, and (c) the corresponding ternary films. For clear explanations, normalized PL spectra 
of neat SM-axis (at 460 nm) are depicted with ones of PBDB-T (at 560 nm) and ITIC (at 650 nm).  
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The PL spectra of the ternary blend films are displayed in Figure 4.5.1c; SM-X- and SM-XY-
based ternary blend films excited at 460 nm exhibit exclusive emission peak of PBDB-T at 715 nm, 
whereas all emission wavelengths of the SM-Y-based ternary film are greatly diminished. 
Collectively, by combining the above PL results and the observed composition-dependent VOCs in 
both SM-X- and SM-Y-based ternary NF-OSCs, we propose that the former induces an alloy-like 
model with existing energy transfer, while the latter is governed by a charge-transfer mechanism with 
the same structure. Note that although the energy-transfer mechanism is mainly involved in the 
ternary NF-OSC based on SM-XY, its strong aggregation tendency would make it difficult to form 
the alloy-like structure, reflecting the steady observed VOC. 
The surface energies of 49.5, 45.6, 50.0, 41.2, and 46.6 mN cm−1 for SM-X, SM-Y, SM-XY, 
PBDB-T, and ITIC neat films, respectively, were assessed via the Owens-Wendt model (Figure 
4.8.15).71-73 On the basis of their values, the interfacial energies of the SM-axis series with each host 
material are 3.32/2.12 mN cm−1 for PBDB-T:SM-X/ITIC:SM-X, 0.817/0.162 mN cm−1 for PBDB-
T:SM-Y/ITIC:SM-Y, and 6.62/5.66 mN cm−1 for PBDB-T:SM-XY/ITIC:SM-XY (Figure 4.8.16 and 
Table 4.8.8).74 These results prove that, relative to SM-XY, the chemical and physical nature of both 
SM-X and SM-Y shows better compatibility and miscibility in the ternary systems, which is a 
prerequisite for the formation of its alloy structure.29, 75-76 
4.6 Microstructural Analysis  
To clarify the surface and bulk morphologies of the SM-axis-based binary and ternary blend 
systems, measurements were taken using atomic force microscopy (AFM) and transmission electron 
microscopy (TEM). As expected from the above interfacial energy results, the AFM images (Figure 
4.6.1a and 4.8.17) of both PBDB-T:SM-X and PBDB-T:SM-XY binary blends show higher root-
mean-square (RMS) roughness than the corresponding SM-Y binary case.77-78 In all small molecule 
binary cases (i.e., ITIC:SM-axis), despite the observation of highly agglomerated features (the highest 
RMS of 17.4 nm) in the ITIC:SM-XY film, the RMS value of ITIC:SM-X is smaller than that of 
ITIC:SM-Y. These results suggest that the cross-type SM-XY induces a self-crystalline property 
regardless of the blended compounds. Furthermore, relative to the SM-X blends, the SM-Y adopts a 
finely structured intermix when blended with the PBDB-T polymer, but has the tendency to form a 
pronounced crystalline structure upon blending ITIC with small molecules. 
On the other hand, all of the ternary films show uniform surfaces with similar RMS values 
(2.10–2.32 nm), indicating that all the SM-axis series have high molecular compatibility and 
miscibility with one another within the PBDB-T- and ITIC-based ternary platforms. These results are 
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consistent with similar surface energies (4.18–43.3 mN cm−1 in Table 4.8.8) observed in all of the 
ternary systems, despite the significant differences in the interfacial energies between the SM-axis 
series binary cases. It was reported that one component with relatively lower surface energy can move 
to the surface areas during the formation of a blend film in order to minimize the total energy, yielding 
almost identical surface energy values.79-81 
 
Figure 4.6.1 (a) 3D AFM height images (1 μm × 1 μm) with RMS values and (b) TEM images (100 
nm scale) of the binary and ternary blends. 
 
In addition, TEM images (Figure 4.6.1b) show that the small molecule binary blends (ITIC:SM-
axis) exhibit larger clusters than those of the corresponding PBDB-T:SM-axis binary case. All of the 
ternary blends reveal a similar smooth, fibril-like phase separation at the nanometer scale. These 
observations complement the results from AFM images. Note that a close scrutiny of the AFM and 
TEM ternary images shows that the SM-XY-based ternary film has slightly larger nanoscale 
aggregations, implying that it maintains the crystalline nature of SM-XY to some extent across even 
ternary blends.  
The thermophysical properties of all samples were investigated using thermogravimetric analysis 
(TGA) and differential scanning calorimetry (DSC). All SM-axis series show high decomposition 
temperatures over 370ºC, as indicated by the TGA plots shown in Figure 4.8.19. In the heating DSC 
curves shown in Figure 4.6.2a, the SM-Y exhibits an amorphous feature and good miscibility with 
each host material, evidenced by the fact that there is no detectable thermal transition for its neat state 
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and by its almost unchanged transition behaviors. It contains binary samples compared to the 
corresponding neat host with one endothermic melting peak at 281 ºC of ITIC (see Figure 4.8.20). 
Notably, the SM-Y-based ternary case shows no melting endotherm, indicating a lack of pure ITIC 
domains in the blend. This is due to the well-mixed phase of SM-Y and ITIC as well as PBDB-T in 
the ternary system, which fits reasonably well to the low interfacial energies of ITIC:SM-Y and 
PBDB-T:SM-Y.33, 82-83 
 
 
Figure 4.6.2 (a) The DSC heating profiles, (b) GIWAXS images, and (c) the out-of-plane line cuts for 
neat SM-axis, the binary blends of PBDB-T and ITIC with SM-axis, and the corresponding ternary 
ones. 
On the other hand, the neat SM-X and SM-XY samples undergo endothermic transitions with 
melting temperatures (Tms) of 215 and 294 °C, respectively, while only SM-XY possesses thermally 
induced crystallizing tendency with an exothermic crystalline temperature of 172 °C, suggesting a 
high crystal packing, especially in the case of SM-XY. For both PBDB-T:SM-X and PBDB-T:SM-
XY binary blends, the distinct endothermic transition peaks arising from neat SM-X and SM-XY are 
still observed with the absence of the exothermic peak from SM-XY, due to the crystallizing 
tendencies for their own domains of SM-X or SM-XY. Contrastingly, the ITIC:SM-X small molecule 
binary blend exhibits a single Tm peak for ITIC rather than SM-XY, indicating the presence of only 
the ITIC phase in the blend, whereas the ITIC:SM-XY blend possesses two Tm peaks from each 
component. This implies the existence of individual phases induced by both components.84-85 
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In the meantime, the heating cycle of the SM-X ternary blend exhibits no clear transitions as 
observed in the SM-Y ternary case, whereas the SM-XY ternary case shows dual endothermic peaks 
from ITIC and SM-XY. Collectively, one can conclude that both SM-X and SM-Y components are 
readily intermixed into ITIC and PBDB-T in their ternary systems, although some portions of SM-XY 
intermix with both PBDB-T and ITIC. Others exist as an individual phase at the same time in the 
ternary case due to its strongly crystalline nature. 
Grazing-incidence wide-angle X-ray scattering (GIWAXS) was used to further investigate the 
crystalline behavior of all the samples. As shown in Figure 4.6.2b and 4.6.2c, the neat SM-X and 
SM-XY films exhibit a series of strong anisotropic multiple diffractions with a narrow out-of-plane 
distribution of crystallites, indicating strongly oriented polycrystalline structures (in-plane line cuts 
are displayed in Figure 4.8.21), while the neat SM-Y shows amorphous features. This correlates with 
DSC data presented above. Note that both the neat PBDB-T and ITIC films show broad arc-like (100) 
diffraction and – stacking (010) peaks along the in-plane direction, indicating the dominant face-on 
crystal orientation. 
In both the SM-X and SM-XY binary blends with PBDB-T, a broad ring-like isotropic (100) 
lamellar peak arising from PBDB-T as shown in Figure 4.8.22 exists in both out-of-plane and in-
plane directions, together with retaining the sharp lamellar peaks attributed from the neat SM-X and 
SM-XY. Interestingly, all the small molecule binary blend of ITIC:SM-X shows a significant decline 
in the diffraction peaks for the neat SM-X; however, the ITIC:SM-XY binary blend maintains some 
sharpness in the diffraction peaks of neat SM-XY. No obvious crystalline features with similar 
diffraction patterns occur in any of the SM-Y-based binary blends, compared with their presence in 
the corresponding neat films. 
On the other hand, with regard to the SM-axis series ternary blends, both SM-X and SM-Y 
ternary blends show no visible features other than amorphous scattering, whereas SM-XY ternary 
blends still retain the crystalline features seen from neat SM-XY. These results are additional proof 
for different blending behaviors in the SM-axis series. High intermixing occurs in both SM-X and 
SM-Y and high crystalline formation occurs in SM-XY.85-86 Correlating with the above VOCs and PL 
behaviors in the ternary systems, when taken together, these changes in the DSC and GIWAXS data 
support our hypothesis that both SM-X and SM-Y ternary blends have an alloy-like model with 
different mechanisms (energy transfer for the former and charge transfer for the latter). The energy-
transfer mechanism is dominantly present with the broken alloy-like structure in the SM-XY-based 
ternary case. 
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4.7 Conclusion  
In summary, we have synthesized three small molecules (the SM-axis series), which possess a 
BDT fused core and RD terminal groups, yet structurally different -conjugation systems. These SM-
X (horizontal-type push–pull structure), SM-Y (vertical-type structure), and SM-XY (cross-type 
structure) blends can be applied to studies concerning the relationship of conjugated pathways and 
intrinsic properties of organic semiconducting materials. We found that both the functionalized 
direction and degree of RDs have strong impacts on optical properties and molecular energy levels. 
The SM-axis series were employed as the third component in PBDB-T:ITIC NF-OSC of the host 
binary platform. The optimized PBDB-T:ITIC binary NF-OSC exhibited a PCE of 10.86%. By 
optimizing the amount of each SM-axis, the ternary NF-OSCs deliver improved PCEs over 11% 
(11.96% and 11.48% for SM-X and SM-Y, respectively), while the ternary NF-OSC based on SM-
XY yielded a decreased PCE of 10.21%. Notably, with the varying of SM-axis contents, for both SM-
X and SM-Y ternary systems, the values of VOC were changed, while being almost kept constant in the 
SM-XY ternary systems. In addition to this phenomena, in-depth characterization relating to PL and 
thermal transition behaviors, morphology, and crystal packing demonstrated that both SM-X and SM-
Y ternary systems have the same alloy-like model, with energy transfer in the former and charge 
transfer in the latter. By contrast, for the ternary system based on SM-XY, the energy-transfer 
mechanism was dominant and the alloy-like formation was not present due to its strongly crystalline 
nature. Following our successful utilization of SM-X as a third component in ternary NF-OSCs, 
PM6:IT4F was applied for the other binary platform with a PCE of 12.20% and the corresponding 
ternary device exhibits an improved PCE of 13.12% with a JSC of 21.93 mA cm−2, a VOC of 0.844 V, 
and a FF of 70.84% (see Figure 4.8.23). Such intriguing findings shed considerable light on our 
understanding of conjugated-type features in organic semiconductors and also on the different 
working mechanisms of ternary NF-OSCs governed by conjugated pathways. 
 
4.8 Supporting Information 
Materials and Instruments: All the chemicals and reagents were purchased from Sigma-Aldrich, 
Alfa Aesar chemical company, and Tokyo Chemical Industry Co., Ltd. without any further 
purification. All solvents were ACS grade unless otherwise noted. M1 was synthesized according to 
the reported method from 4,8-dehydrobenzo[l,2-b:4,5-b’]dithiophene-4,8-dione.40 1H and 13C NMR 
spectra were recorded on a Varian VNRS 400 MHz spectrometer using deuterated chloroform (CDCl3) 
and 1,1,2,2-tetrachloroethane (C2D2Cl4) as solvents. The chemical shifts were given in parts per 
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million and coupling constants (J) in Hertz. HRMS spectra were measured using AccuTOF 4G+ 
DART. Cary 5000 spectrophotometer and VersaSTAT3 Princeton Applied Research Potentiostat were 
used to obtain the UV-vis-NIR spectra and CV plots according to the reported methods.87 The 
thickness of the films was measured using a stylus profilometer of P6, KLA Tencor. DFT calculations 
were obtained with Gaussian 09 package. PL spectra were obtained using a Varian Cary Eclipse 
fluorescence spectrometer. The contact angles of all the materials were obtained using the Phoenix 
300 Model instrument. The AFM images of blend films were recorded using the Agilent 5500 
scanning probe microscope running with a Nano scope V controller. The TEM analysis was conducted 
using a JEOL USA JEM-2100 microscope. DSC analysis were performed by simultaneous DSC 
instrument (TA Instruments, USA) at a heating rate of 5.0 °C min−1 for second cycle data. GIXD 
measurements were conducted at PLS-II 6D and 9A U-SAXS beamline in Pohang Accelerator 
Laboratory (South Korea). The X-rays coming from the in-vacuum undulator (IVU) were 
monochromated at 11.05 keV (wavelength of 1.12199 Å). The incidence angle (≈ 0.12-14 °) of X-ray 
beam was chosen to allow for complete penetration into the film. GIXD patterns were recorded with a 
2D CCD detector.  
Synthesis of Compounds M2 and M4: To a solution of M1 (1.00 g, 1.73 mmol) in tetrahydrofuran 
(50 mL) at -78 ºC was dropwisely added 2.5 M of n-butyllithium (1.73 mL, 4.32 mmol for M2 and 
3.45 mL, 8.64 mmol for M4) under inert atmosphere. Followed by vigorous stirring at -78 ºC for 1 hr, 
anhydrous DMF (0.401 mL, 5.18 mmol for M2 and 0.802 mL, 10.4 mmol for M4) was injected and 
the mixture was stirred for 6 hrs at room temperature. Then the mixture quenched by water was 
extracted with dichlromethane (MC). After dried over anhydrous magnesium sulfate and concentrated, 
M2 and M4 were purified by column chromatography on silica gel with hexane:MC (1:1 v:v) as 
eluent. 
Compound M2: Orange solid, isolated yield = 81.2% (0.888 g). 1H NMR (CDCl3, 400 MHz)  ppm 
10.06 (s, 2H), 8.36 (s, 2H), 7.37 (d, J = 3.5 Hz, 2H), 7.21 (d, J = 3.5 Hz, 2H), 2.76–2.72 (t, J = 7.7 Hz, 
4H), 1.77-1.69 (m, 4H), 1.45-1.25 (m, 20H), 0.91-0.87 (m, 6H). 13C NMR (CDCl3, 100 MHz) δ ppm 
184.69, 145.40, 144.36, 141.40, 137.96, 137.04, 133.97, 130.22, 127.76, 122.36, 31.91, 30.55, 30.51, 
29.47, 29.42, 29.32, 22.70, 14.14. HRMS (ESI) m/z 634.2112 (C36H42O2S4 calcd. for m/z 634.2067). 
Compound M4: Deep yellow solid, isolated yield = 75.4% (0.900 g). 1H NMR (CDCl3, 400 MHz)  
ppm 10.19 (s, 2H), 10.12 (s, 2H), 8.36 (s, 2H), 7.48 (s, 2H), 3.08 (t, J = 7.6 Hz, 1H), 2.17 (s, 0H), 1.79 
(t, J = 7.5 Hz, 1H), 1.48 – 1.17 (m, 7H), 1.04 – 0.59 (m, 2H).10.06 (s, 2H), 8.36 (s, 2H), 7.37 (d, J = 
3.5 Hz, 2H), 7.21 (d, J = 3.5 Hz, 2H), 3.13-3.08 (t, J = 7.7 Hz, 4H), 1.84-1.76 (m, 4H), 1.50-1.20 (m, 
20H), 0.90-0.87 (m, 6H). 13C NMR (CDCl3, 100 MHz) δ ppm 184.28, 182.05, 153.30, 146.17, 145.26, 
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141.24, 139.30, 132.67, 132.24, 126.96, 126.24, 31.84, 31.56, 29.42, 29.36, 29.24, 28.70, 22.65, 14.11. 
HRMS (ESI) m/z 690.1921 (C38H42O4S4 calcd. for m/z 690.1966). 
Synthesis of Compounds M3: To a solution of M1 (1.00 g, 1.73 mmol) and DMF (0.401 mL, 5.18 
mmol) in 1,2-dichloroethane (50 mL) at 0 ºC was slowly added POCl3 (0.404 mL, 5.18 mmol) under 
inert atmosphere. Refluxed overnight with vigorous stirring, the mixture quenched with base was 
extracted with MC. After dried over anhydrous magnesium sulfate and concentrated, M3 were 
purified by column chromatography on silica gel with hexane:MC (1:1 v:v) as eluent.  
Compound M3: Yellow solid, isolated yield = 90.6% (0.992 g). 1H NMR (CDCl3, 400 MHz)  ppm 
10.15 (s, 2H), 7.63 (d, J = 5.6 Hz, 2H), 7.55 (d, J = 5.6 Hz, 2H), 7.23 (s, 2H), 3.10–3.06 (t, J = 7.7 Hz, 
4H), 1.83-1.75 (m, 4H), 1.49-1.25 (m, 20H), 0.90-0.86 (m, 6H). 13C NMR (CDCl3, 100 MHz)  ppm 
182.12, 153.52, 145.28, 141.33, 138.80, 132.45, 132.25, 127.25, 126.68, 125.94, 31.91, 30.56, 30.52, 
29.47, 29.32, 28.81, 22.69, 14.12. HRMS (ESI) m/z 634.1994 (C36H42O2S4 calcd. for m/z 634.2067). 
Synthesis of SM-axis: The mixture of M2-4 (1.0 eq) and RD (10-20 eq) in chloroform with a 
catalytic amount of piperidine was refluxed during overnight or 1 day. Followed by precipitation in 
methanol, the solid was filtered out with dried over in the air for 6 hrs. The crude SM-axis were 
purified by column chromatography on silica gel with hexane:MC (1:1 to 0:1 v:v) as eluent.  
Compound SM-X: Brown solid, isolated yield = 75.1%. 1H NMR (CDCl3, 400 MHz)  ppm 8.06 (s, 
2H), 7.68 (d, J = 5.7 Hz, 2H), 7.58 (d, J = 5.7 Hz, 2H), 7.49 (s, 2H), 4.25-4.18 (q, J = 7.1 Hz, 4H), 
2.94-2.89 (t, J = 7.6 Hz, 4H), 1.79-1.69 (m, 4H), 1.49–1.25 (m, 26H), 0.90–0.80 (m, 6H). 13C NMR 
(CDCl3, 100 MHz)  ppm 192.35, 167.48, 150.35, 145.85, 139.01, 136.33, 133.43, 131.64, 128.74, 
123.39, 123.33, 122.99, 120.73, 40.00, 31.86, 31.19, 29.72, 29.43, 29.41, 29.27, 29.11, 22.69, 14.14, 
12.33. HRMS (ESI) m/z 920.1815 (C46H52N2O2S8 calcd. for m/z 920.1765). 
Compound SM-Y: Red solid, isolated yield = 75.8%. 1H NMR (CDCl3, 400 MHz)  ppm 10.15 (s, 
2H), 7.63 (d, J = 5.6 Hz, 2H), 7.55 (d, J = 5.6 Hz, 2H), 7.23 (s, 2H), 3.10–3.06 (t, J = 7.7 Hz, 4H), 
1.83-1.75 (m, 4H), 1.49-1.25 (m, 18H), 0.90-0.86 (m, 6H). 13C NMR (CDCl3, 100 MHz)  ppm 
191.91, 167.03, 144.28, 141.75, 139.71, 137.51, 137.34, 130.98, 130.07, 125.63, 125.20, 124.91, 
122.22, 40.02, 31.95, 30.62, 30.56, 29.52, 29.48, 29.37, 22.73, 14.18, 12.29. HRMS (ESI) m/z 
920.1798 (C46H52N2O2S8 calcd. for m/z 920.1765). 
Compound SM-XY: Dark brown solid, isolated yield = 68.4%. 1H NMR (CDCl3, 400 MHz)  ppm 
8.08 (s, 2H), 7.90 (s, 2H), 7.49 (s, 2H), 7.49 (s, 2H), 4.25-4.18 (q, J = 7.1 Hz, 8H), 2.99-2.95 (t, J = 
7.6 Hz, 4H), 1.80-1.71 (m, 4H), 1.50–1.26 (m, 26H), 0.90–0.82 (m, 6H). 13C NMR (C2D2Cl4, 100 
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MHz)  ppm 193.34, 192.71, 168.64, 168.16, 151.94, 144.84, 142.66, 141.77, 138.17, 136.95, 135.67, 
133.39, 130.53, 127.45, 125.73, 124.15, 122.99, 41.49, 40.02, 33.27, 31.74, 30.75, 30.55, 29.51, 29.48, 
29.32, 24.12, 15.71, 15.63. HRMS (ESI) m/z 1262.1395 (C58H62N4O4S12 calcd. for m/z 1262.1419). 
OSC Fabrication and Measurement: Binary and ternary devices were fabricated in the 
conventional device structure of glass/ITO/PEDOT:PSS/active layer/PDINO/Al. For active layer 
preparation, PBDB-T:ITIC (1:1 ratio) were dissolved in anhydrous chlorobenzene and stirred at 45 °C 
for overnight with total concentration of 28 mg ml-1. Each SM-axis series was dissolved separately in 
chlorobenzene and stirred at 45 °C for overnight. Next day, 0.2 vol% of DIO is added and stirred for 1 
hr at 45 °C. Different wt% of SM-axis series with respect to the ITIC’s concentration were added 
separately in the active layer solution and again stirred at 45 °C for 2 hrs. For device fabrication, 
PEDOT:PSS layer (Clevios P VP AI. 4083) was spin-coated at 4000 rpm for 60 s on the pre-cleaned 
ITO substrate, and then thermally annealed at 140 °C for 20 min. The substrates were subsequently 
transferred to the glovebox and the active layer was spin-coated yielding thickness in the range of 
90−110 nm for binary and ternary devices (see Figure 4.8.24). The films were subsequently treated by 
thermal annealing for 10 min at 120 °C. After cooling, a thin PDINO layer as electron transporting 
layer was spin-coated at 3000 rpm for 40 sec. Finally, a 80 nm thick layer of Al was deposited using a 
shadow mask (device area: 0.13 cm2) under high vacuum (< 3 × 10−6 Pa). The J–V characteristics were 
recorded using a Keithley 2400 source under illumination of an AM 1.5G solar simulator with an 
intensity of 100 mW cm−2. The EQE measurements were conducted using Model QEX7 by PV 
measurements Inc. (Boulder, Colorado) in the ambient air. The hole and electron mobilities were 
measured via using the SCLC method. Device structures are ITO/PEDOT:PSS/active layer/Au for 
hole-only devices and ITO/ZnO/active layer/Al for electron-only devices, respectively. The 
hole/electron mobilities were calculated according to the Mott–Gurney equation. 
Calculation of Surface Energy and Interfacial Energy: The surface energy was calculated via 
measuring the contact angles of two different solvents, distilled water (DI) and diiodomethane (DM) 
on each film. The surface energy of film was calculated via the Owens-Wendt model and the 
interfacial energy between each component was estimated via Wu model. 
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Figure 4.8.1 UV-vis absorption profiles of SM-axis versus absorption coefficients.  
 
 
 
Figure 4.8.2 The optimized geometries for SM-axis in different three views by DFT calculations.  
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Figure 4.8.3 (a) Molecular structures of the materials used in binary systems and (b) J-V curves from 
the binary devices with SM-axis. 
 
 
Table 4.8.1 Summary of device performances of the binary devices with SM-axis and the counterpart 
materials. 
Binary Device 
JSC 
(mA cm-2) 
VOC 
(V) 
FF 
(%) 
PCE 
(%) 
P3HT 
SM-X 4.44 0.623 41.8 1.16 
SM-Y 0.619 0.384 68.9 0.164 
SM-XY 0.415 0.210 37.7 0.033 
PBDB-T 
SM-X 1.83 0.943 34.3 0.592 
SM-Y 0.196 0.751 25.0 0.0368 
SM-XY 0.914 0.663 42.3 0.257 
PTB7 
SM-X 
6.03 0.314 41.0 0.777 
PCE10 6.61 0.336 40.1 0.890 
SM-Xa ITIC 0.0840 0.263 27.5 6.07×10-2 
SM-X 
PC71BM 
0.427 0.572 28.6 6.98×10-2 
SM-Y 0.403 0.0322 23.4 3.04×10-3 
SM-XY 0.434 0.0147 8.64×10-3 5.52×10-4 
aBinary films of SM-Y and SM-XY with ITIC were highly poor, thus leading to no photovoltaic operation at all. 
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Figure 4.8.4 The AFM height and phase images (left and right, respectively and 1 μm × 1 μm) of the 
binary films of SM-axis with PBDB-T as 1-to-1 ratio.  
 
 
 
 
 
Figure 4.8.5 CV plots of neat PBDB-T and ITIC against the ferrocene/ferrocenium (Fc/Fc+) standard. 
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Figure 4.8.6 J-V curves with different wt% of SM-X for the corresponding ternary devices with a 
device area of 13 mm2.  
 
 
 
Figure 4.8.7 J-V curves with different wt% of SM-Y for the corresponding ternary devices with a 
device area of 13 mm2.  
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Figure 4.8.8 J-V curves with different wt% of SM-XY for the corresponding ternary devices with a 
device area of 13 mm2.  
 
 
 
Table 4.8.2 Summary of device parameters of the ternary devices with different wt% of SM-X as the 
third component under the same conditions with a device area of 13 mm2. 
SM-X 
J
SC
 
(mA cm-2) 
V
OC 
(V) 
FF 
(%) 
PCE 
(%) 
0 wt% 16.86 0.900 64.71 9.82 
5 wt% 17.03 0.909 64.14 9.94 
10 wt% 17.18 0.913 67.79 10.63 
15 wt% 16.94 0.933 68.72 10.86 
20 wt% 16.99 0.935 68.09 10.82 
25 wt% 16.70 0.922 67.42 10.39 
30 wt% 15.64 0.911 68.77 9.80 
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Table 4.8.3 Summary of device parameters of the ternary devices with different wt% of SM-Y as the 
third component under the same conditions with a device area of 13 mm2. 
SM-Y 
J
SC
 
(mA cm-2) 
V
OC 
(V) 
FF 
(%) 
PCE 
(%) 
0 wt% 16.86 0.900 64.71 9.82 
5 wt% 16.77 0.917 64.82 9.97 
10 wt% 16.64 0.918 66.09 10.05 
15 wt% 16.32 0.92 65.51 9.83 
20 wt% 16.12 0.926 65.30 9.75 
25 wt% 16.70 0.918 62.86 9.51 
30 wt% 15.07 0.916 62.22 8.58 
 
 
 
 
 
 
 
Table 4.8.4 Summary of device parameters of the ternary devices with different wt% of SM-XY as 
the third component under the same conditions with a device area of 13 mm2. 
SM-XY 
J
SC
 
(mA cm-2) 
V
OC 
(V) 
FF 
(%) 
PCE 
(%) 
0 wt% 16.86 0.900 64.71 9.82 
5 wt% 16.02 0.901 64.88 9.36 
10 wt% 15.82 0.903 64.58 9.21 
15 wt% 15.75 0.904 63.38 9.02 
20 wt% 15.96 0.904 62.07 8.95 
25 wt% 15.35 0.902 61.29 8.49 
30 wt% 15.04 0.899 60.22 8.14 
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Figure 4.8.9 CV plots of the binary blends of ITIC with weight ratios of (a) SM-X, (b) SM-Y, and (c) 
SM-XY.  
 
Table 4.8.5 Electrochemical properties of ITIC:SM-axis on varying ratios. 
SM-axis content Eonsetred (V)
a Eonsetox (V)
a LUMO (eV)a HOMO (eV)a 
SM-X 
0 wt% -0.6132 1.0081 -4.0589 -5.6802 
5 wt% -0.6306 1.0088 -4.0415 -5.6809 
10 wt% -0.6413 1.0095 -4.0308 -5.6816 
15 wt% -0.6520 1.0101 -4.0201 -5.6822 
20 wt% -0.6613 1.0099 -4.0108 -5.6820 
25 wt% -0.6645 1.0124 -4.0076 -5.6845 
30 wt% -0.6555 1.0132 -3.9966 -5.6853 
SM-Y 
0 wt% -0.6212 1.0008 -4.0509 -5.6729 
5 wt% -0.6453 0.9984 -4.0268 -5.6705 
10 wt% -0.6612 0.9991 -4.0109 -5.6712 
15 wt% -0.6850 0.9917 -3.9871 -5.6638 
20 wt% -0.7003 0.9908 -3.9718 -5.6629 
25 wt% -0.7214 0.9878 -3.9507 -5.6599 
30 wt% -0.7312 0.9841 -3.9409 -5.6562 
SM-XY 
0 wt% -0.6183 1.0027 -4.0538 -5.6748 
5 wt% -0.6215 1.0031 -4.0506 -5.6752 
10 wt% -0.6190 1.0037 -4.0531 -5.6758 
15 wt% -0.6252 1.0021 -4.0469 -5.6742 
20 wt% -0.6175 1.0029 -4.0546 -5.6750 
25 wt% -0.6381 1.0035 -4.0341 -5.6756 
30 wt% -0.6219 1.0021 -4.0502 -5.6742 
aEstimated from the oxidation and the reduction onsets (Eonsetox and Eonsetred) against the half-wave potential of 
ferrocene (E1/2ferrocene) by the equations for HOMO energy level of EHOMO = – (Eonsetox – E1/2ferrocene + 4.8) eV and 
for LUMO energy level of ELUMO = – (Eonsetred – E1/2ferrocene + 4.8) eV. 
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Figure 4.8.10 The trend plots of VOC changes in the ternary NF-OSCs with their energy levels on 
different weight ratios of (a) SM-X, (b) SM-Y, and (c) SM-XY in the binary films with ITIC. 
 
 
Table 4.8.6 Summary of charge collection probabilities and charge mobilities of the fabricated films.  
Film 
Photocurrent 
(mA cm-2) 
Jph/Jsat 
Charge mobility 
(cm2 V-1 s-1) 
Jpha Jsata 
μh 
(×10-4) 
μe 
(×10-5) 
Binary 16.54 17.06 0.969 1.66 4.30 
Ternary w/ SM-X 15.58 16.19 0.962 2.10 2.75 
Ternary w/ SM-Y 15.71 16.32 0.962 1.83 3.00 
Ternary w/ SM-XY 15.97 16.61 0.962 2.49 1.50 
Neat SM-X - - - 1.59 4.19 
Neat SM-Y - - - 1.83 2.35 
Neat SM-XY - - - 2.63 0.817 
aEstimated as a function of Veff.  
 
 
 
Figure 4.8.11 SCLC plots of (a) the neat films of SM-axis and (b) the corresponding ternary films 
with the binary one. 
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Figure 4.8.12 Simulated absorption/emission spectra in gas phase of (a) SM-X, (b) SM-Y, and (c) 
SM-XY and (d) experimented spectra of SM-axis.  
 
 
 
 
 
 
Table 4.8.7 Summary of optical properties from calculated and experimented absorption/emission 
spectra of SM-axis.  
SM-axis 
Absorption Emission Stokes Shift 
λmax 
(nm)a 
fOSC
b 
Composition 
(%)c 
λmax 
(nm)d 
λmax 
(nm)a 
fOSC
b 
Composition 
(%)c 
λmax 
(nm)d 
Calc. 
(nm) 
Exp. 
(nm) 
SM-X 529 0.351 69.3 473 682 0.293 69.7 705 153 232 
SM-Y 477 0.869 70.0 511 562 0.692 70.5 597 85 86 
SM-XY 552 0.449 69.6 470 653 0.388 69.6 655 101 185 
aCalculated from TD-DFT in gas phase; bdenoted for oscillator strength; ccontributed from a HOMO → LUMO 
transition for absorption and a LUMO → HOMO transition for emission; destimated from the experimented 
absorption spectra and PL spectra excited at each λmax. 
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Figure 4.8.13 PL spectra of (a) SM-axis series (excited at 460 nm) and (b) PBDB-T (at 560 nm), 
ITIC (at 650 nm), and the binary film (at 560 and 650 nm). 
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Figure 4.8.14 PL spectra of the binary blends of SM-axis series with PBDB-T and ITIC at (a and b) 
460 nm, (c and d) 560 and 650 nm, and (e and f) the ternary blends at 560 and 650 nm, respectively. 
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Figure 4.8.15 Contact angle measurement images of the neat PBDB-T, ITIC, and SM-axis with the 
binary film of PBDB-T:ITIC and the corresponding ternary ones by using DI and DM.  
 
 
 
 
Figure 4.8.16 The trend of the calculated surface energy and interfacial energy from the measured 
films. 
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Table 4.8.8 Summary of the contact angels and the calculated surface energy of the neat films and the 
binary/ternary films with the interfacial energy.   
Film 
Contact Angle Surface Energy 
(mN cm-1) 
Interfacial Energy 
(mN cm-1) 
ӨDI (º) ӨDM (º) PBDB-T ITIC 
SM-X 76.8 18.0 49.5 3.32 2.12 
SM-Y 87.4 25.8 45.6 0.817 0.162 
SM-XY 69.2 25.0 50.0 6.62 5.66 
PBDB-T 103 37.6 41.2 
0.539 
ITIC 89.7 22.7 46.6 
Binary 101 37.5 41.0 - 
Ternary w/ SM-X 102 34.8 42.3 - 
Ternary w/ SM-Y 101 35.8 41.8 - 
Ternary w/ SM-XY 99 32.2 43.3 - 
 
 
  
Figure 4.8.17 The AFM phase images of the binary films of SM-axis with PBDB-T and ITIC and the 
ternary films.  
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Figure 4.8.18 (a) The AFM height and phase images (1 μm × 1 μm) with the RMS value and (b) TEM 
image (100 nm scale) of the binary film of PBDB-T and ITIC.  
 
 
Figure 4.8.19 TGA plots of SM-axis with a heating rate of 10 °C/min under a nitrogen atmosphere 
and an inset box indicating each temperature of 5% weight loss.  
 
 
Figure 4.8.20 (a) The cooling DSC profiles for neat SM-axis, the binary blends of PBDB-T and ITIC 
with SM-axis, and the corresponding ternary blends and (b) the full cycle of DSC thermograms for 
PBDB-T, ITIC, and the binary blend (left and right for heating and cooling, respectively).  
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Figure 4.8.21 The in-plane GIWAXS line cuts for neat SM-axis, the binary blends of PBDB-T and 
ITIC with SM-axis, and the corresponding ternary ones.  
 
 
 
Figure 4.8.22 (a) GIWAXS images, and (c) the in-plane and the out-of-plane line cuts for neat 
PBDB-T and ITIC and the binary film.  
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Figure 4.8.23 J-V curves and a summarizing table of the photovoltaic properties of the binary device 
of PM6:IT4F and the ternary device based on SM-X with their molecular structures. 
 
 
 
 
Figure 4.8.24 Thickness measurements of the optimized binary and ternary films.  
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5.1 Motivation 
-Conjugated polymers continue to revolutionize the field of printed and flexible organic 
electronics1-4. Pertinent to synthesis, versatile organic building blocks have been widely coupled to 
form sp2–sp2 carbon bonds with polyaromatic conjugations via various cross-coupling reactions5-9. 
With a large number of functional groups available under less harsh reaction conditions along with 
high yields, palladium-catalyzed Stille polycondensation has been extensively employed for 
construction of various -conjugated donor–acceptor (D–A) polymers10-12. This has led to the 
advanced technologies for numerous applications, ranging from polymer light-emitting diodes13, 
polymer field-effect transistors14, and polymer solar cells (PSCs)15. Owing to the current impetus in 
advancing the field of energy-pertinent polymer applications, many chemists have recently developed 
state-of-the-art polymers for bulk-heterojunction (BHJ) PSCs, achieving power conversion 
efficiencies (PCEs) exceeding 10%16-19. Despite such successful accomplishments, they have a 
ubiquitous experimental limitation. Unlike the well-defined structures of small molecular 
semiconductors, for a given polymer prepared from transition metal-catalyzed cross-coupling 
reactions, the batch-to-batch variations in molecular weight (Mw) and polydispersity index (Ð ) have 
given rise to inconsistent process-dependent material properties and consequent performance 
variations in device applications20-24. Therefore, optimized synthetic methodologies have been 
rigorously investigated to improve Stille polycondensation reaction protocols, e.g., through examining 
the role of the catalyst, solvent, and other reaction conditions10,25,26. Nonetheless, to date, such 
attempts have not surmounted the aforementioned batch-to-batch problems. Therefore, a formidable 
challenge in -conjugated polymer chemistry is to develop a robust synthetic methodology toward 
higher-quality polymeric precision with high Mw and narrow Ð , thus overcoming the current 
limitation of the statistically determined nature of synthetic polymers. 
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Scheme 5.1.1 Synthetic pathways for the PTB7 test-bed polymer by a) conventional Stille reaction is 
comprised of only steady heating procedure at 120 °C and b) stepwise Stille polycondensation in this 
work adopted cooling step at 60 °C after which initial heating was applied at 120 °C for first 1 h.  
 
Here we report an efficient and facile stepwise Stille polycondensation with an additionally 
embedded low-temperature step for the preferential step growth of low-Mw fractions to formulate 
high-quality polymers. We choose a well-known high-performance polymer, poly[4,8-bis[(2-
ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl-alt-3-fluoro-2-[(2-ethylhexyl)carbonyl]-
thieno[3,4-b]thiophene-4,6-diyl] (PTB7)27, as a test-bed polymeric material for our study (Scheme 
5.1.1). After extensive screenings of the key aspects of the polymerization in context, we employ 
stepwise Stille polycondensation upon the optimized synthesis condition, affording ultrahigh-quality 
PTB7 having high Mw (223 kDa) and very narrow Ð  (1.21). Despite the similar optical, 
electrochemical, and morphological properties between the stepwise protocol-derived and 
commercially available PTB7 polymers, the resulting ultrahigh-quality polymer-based solar cells 
exhibit superior PCEs of up to 9.97% with impressively negligible device-to-device performance 
variations, constituting a substantial improvement from control devices based on the commercial 
polymer. The stepwise Stille polycondensation process is readily adoptable to a wide range of general 
-conjugated polymers requiring ultrahigh quality and can be immediately incorporated into synthetic 
organic chemists’ repertoire as a principal reaction protocol. 
 
5.2 Conventional Stille Polymerization 
High purities in a pair of D- and A-monomers play pivotal roles for a precise stoichiometric 
balance in polymer chemistry, and even marginal imbalances in stoichiometry can have a significant 
１２６ 
 
impact on the degree of polymerization28-30. Therefore, to minimize the possibility of stoichiometric 
imbalances from the impurity of the reactant monomers, we further refined two purified monomers (1 
and 2) using a JAI-LC9160II preparative gel permeation chromatograph (GPC) with a reversed-phase 
column in acetonitrile:THF (6:4 vol). We verified the resulting high purity by elemental analysis and 
high-resolution mass spectrometry (Figure 5.7.1 and Table 5.7.1). Previous work27,31 reports the Stille 
polycondensation of PTB7 using Pd(PPh3)4 (4.0 mol%) in toluene:DMF (4:1 vol, 0.10 M) at 120 °C 
under argon for 12 h, providing a high-performance polymeric material in PSCs. Therefore, we first 
performed Stille polycondensation under the same conditions, which allowed us to obtain PTB7 with 
an acceptable Mw of 70.6 kDa and a Ð of 2.18 in 76% yield (entry 1, Table 5.2.1). We evaluated the 
Mw and Ð values by high-temperature GPC at 120 °C using 1,2,4-tricholorobenzene as the eluent. 
 
Table 5.2.1 Conventional Stille polymerization of PTB7 under screening reaction parameters. 
Entry Solvent (ratio) Temp. (oC) Time (h) Mn (kDa)* Mw (kDa)* Ð * Yield (%)† 
1 
toluene/DMF 
(4/1) 
120 12 32.3 70.6 2.18 76 
2‡ 
toluene/DMF 
(4/1) 
120 12 26.9 61.2 2.28 55 
3 
toluene/DMF 
(4/1) 
120 24 34.1 70.9 2.08 62 
4 
toluene/DMF 
(4/1) 
120 36 32.6 72.7 2.23 71 
5 
toluene/DMF 
(4/1) 
100 36 25.1 42.8 1.70 43 
6 
toluene/DMF 
(4/1) 
140 12 31.5 59.7 1.90 82 
7 toluene 120 36 17.1 28.4 1.66 37 
8 
toluene/DMF 
(1/1) 
120 12 16.3 46.4 2.84 33 
9§ 
toluene/DMF 
(4/1) 
120 12 48.3 94.2 1.95 75 
10 
toluene/DMF 
(4/1) 
120 
1 12.7 40.0 3.15 -‖ 
6 20.9 60.9 2.91 -‖ 
The conventional Stille polycondensation was carried out under an argon atmosphere in a long Schlenk tube of 
monomers 1 and 2 in 0.10 M solution, and 4 mol% of Pd(PPh3)4. *Mn, Mw, and Ð  values were determined from 
GPC measurement using 1,2,4-trichlorobenzene at 120 °C calibrated with polystyrene as standard. †Yields were 
estimated from the amounts of the chloroform fractions. ‡Different catalyst system, Pd2(dba)3/P(o-tolyl)3 (2/8 
mol%) was adopted. §The concentration of solutions was lowered to 0.05 M. ‖Each fraction was extracted by a 
syringe, then precipitated in methanol with Soxhlet purification for only GPC analysis. 
 
１２７ 
 
To determine the optimal combinatorial settings for a further improved Stille polycondensation 
condition of PTB7, we examined the overall synthesis scope and optimized the reaction conditions 
with respect to parameter control such as the catalyst, reaction time, temperature, solvent, and 
concentration. Initially, we attempted to utilize a more air-stable Pd2(dba)3:P(o-tolyl)3 (2:8 mol ratio) 
precatalytic system compared to the aforementioned Pd(PPh3)4-based scheme, which led to a slightly 
lower Mw of 61.2 kDa in 55% yield. Considering the Mw and yield of the polymer, we thus adopted 
Pd(PPh3)4 as the optimal catalyst to examine the following polymerization processes. 
For prolonged reaction times of 24 and 36 h (entries 3 and 4, respectively), the corresponding Mw 
values (70.9 to 72.7 kDa) were similar to that obtained from the analogous reaction conducted over 
the course of 12 h, suggesting that the polycondensation reaction proceeded to completion in less than 
12 h under the specific test conditions. Although employing different temperatures (100 and 140 °C) 
offered narrower Ð values of 1.70 to 1.90, there was a trade-off of lowered Mws. The evaluated 
temperature of 140 °C resulted in a yield as high as 82%, which is twice that at 100 °C. In addition, 
we observed a sharp decline of Mw to 28.4 kDa with only toluene solvent (entry 7). This indicates that 
the toluene:DMF system can improve the solubility of polymers with the catalyst-stabilizing effects, 
leading to excellent yields of high-Mw polymers. Such benefits induced by mixed solvent systems 
have been previously reported25,32,33. However, a higher DMF-to-toluene ratio (1:1 vol) severely 
lowered the Mw, which may be attributed to the insufficient solubility of the growing polymer chain in 
the mixed ratio despite more pronounced catalyst stabilization. With an optimal toluene:DMF (4:1 vol) 
system, the polymerization employing a lower monomer concentration (down to 0.05 M) was more 
effective in generating a high yield of higher-Mw polymers (94.2 kDa) having narrow Ð (1.95). Table 
5.2.1 summarizes the aforementioned polymerization conditions and relevant data for the PTB7 
polymer. 
We speculate that various components with different Mws, formed during the initial stages of 
polymerization, lead to broad Mw distributions when the duration of the step-growth polymerization is 
extended. The Ð data of the polymers synthesized under the short reaction times (entry 10 and Figure 
5.7.3a) corroborates this speculation. In principle, the different Mw components undergo different 
kinetics and thermodynamics driven toward coupling reactions. Therefore, we assume that their 
reaction selectivity can be controlled by the reaction temperature, and the temperature-dependent Ð 
values (see entries 5 and 6) validate this assumption. Therefore, we further investigated precise 
temperature-controlled Stille polycondensations in combination with stepwise heating protocols to 
obtain a higher quality of PTB7 polymer under the optimized solvent (toluene:DMF, 4:1 vol), catalyst 
[Pd(PPh3)4, 4.0 mol%], and concentration (0.05 M) experimental conditions. 
１２８ 
 
5.3 Stepwise Stille Polymerization 
We first performed polymerization at the optimal temperature (120 °C) for 1 h and then cooled 
the reaction mixture to 60 °C for 11 h as a selectivity control step. Over this time period, the low-Mw 
species would react preferentially, and thus, the window of the Mw distributions can potentially be 
reduced (Figure 5.7.3b). It is noteworthy that all of the polymeric fractions formed at the low-
temperature step (60 °C) are readily dissolved in the mixed reaction solvent (Figure 5.7.3c), 
suggesting that the reactivity variation caused by their solubility issues is negligible. After the cooling 
stage, we reverted the reaction temperature to the initial setting for finalizing the step-growth reaction. 
Such a stepwise polymerization approach yielded higher-Mw polymeric fractions (Mw greater than 90 
kDa) having a narrower Ð of 1.34 (entry 11, Table 5.3.2). High Mw values of the PTB7 polymer could 
also be obtained through the temperature changes (80 and 100 °C) from the preference-control step, 
but this approach adversely affected the Ð values (entries 12 and 13). Therefore, we further 
investigated the effect of changes in the concentration and catalyst quantities at a fixed temperature of 
60 °C over the course of the low-temperature maturation process (entries 14 to 18). 
Table 5.3.1 Stepwise Stille polymerization with the optimization data. 
Entry Solvent (Conc.) Catalyst (mol%) Mn (kDa)* Mw (kDa)* Ð * Yield (%)† 
11 
toluene/DMF 
(0.05 M) 
Pd(PPh3)4 (4.0) 67.2 90.1 1.34 -‡ 
12§ 
toluene/DMF 
(0.05 M) 
Pd(PPh3)4 (4.0) 43.9 82.6 1.88 -‡ 
13§ 
toluene/DMF 
(0.05 M) 
Pd(PPh3)4 (4.0) 42.5 99.8 2.35 -‡ 
14 
toluene/DMF 
(0.10 M) 
Pd(PPh3)4 (4.0) 31.3 65.1 2.08 63 
15 
toluene/DMF 
(0.026 M) 
Pd(PPh3)4 (4.0) 82.1 125 1.52 65 
16 
toluene/DMF 
(0.026 M) 
Pd(PPh3)4 (3.0) 110 151 1.37 81 
17 
toluene/DMF 
(0.026 M) 
Pd(PPh3)4 (2.0) 151 195 1.29 79 
18 
toluene/DMF 
(0.026 M) 
Pd(PPh3)4 (1.0) 184 223 1.21 85 
19ǀ Conventional Polymerization 46.9 75.8 1.62 72 
The stepwise Stille polycondensation was carried out under an argon atmosphere in a long Schlenk tube of 
monomer 1, 2 and Pd(PPh3)4 and procedures included the initial heating at 120 °C for 1 h, the cooling step at 
60 °C for 11 h, and the final heating at 120 °C for 1 day. *Mn, Mw, and Ð  values were determined from GPC 
measurement using 1,2,4-trichlorobenzene at 120 °C calibrated with polystyrene as standard. †Yields were 
estimated from the amounts of the chloroform fractions. ‡Each fraction was extracted by a syringe, then 
precipitated in methanol with Soxhlet purification for only GPC analysis. §The cooling temperature was 
investigated at 80 °C and 100 °C for entries 12 and 13, respectively. ǀ1.0 mol% Pd catalyst was employed for 
conventional Stille polymerization.   
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A comparison of the entries’ results tested for various concentrations and catalysts indicates that 
in addition to the notably high Mws observed (exceeding 125 kDa at 0.026 M), Ð values gradually 
reduced in accordance with the decreasing catalyst loading. This is probably attributable to the 
suppression of multiple reaction pathways at low catalyst loading6,25,34,35. Through further 
optimization processes, we obtained the best-quality PTB7 polymer having Mw of 223 kDa and Ð of 
1.21 using a combination of 0.026 M concentration and a catalyst concentration of 1.0 mol%. For a 
fair comparison, the conventional Stille polycondensation was also performed using the optimized 
condition above, producing PTB7 with only moderate Mw (entry 19), which clearly corroborates the 
efficacy of stepwise polymerization to achieve a higher-quality PTB7 with high Mw and narrow Ð. 
Table 5.7.4 lists the remainder of the conditions tested over the course of our study.  
5.4 Characterization  
 
Figure 5.4.1 Optical, electrochemical, and morphological properties of entries 17 and 18. a) UV-vis 
absorption spectra and cyclic voltammograms. b) AFM height images in a scale of 500 nm with inset 
TEM images (5 nm scale). c) GIWAXD images of in-plane and out-of-plane. 
 
Several reports have demonstrated the influence of polymer Mws on various optical, physico-
chemical, and morphological properties36-41. In this regard, we explored the optical and 
electrochemical properties, morphology, and molecular organization for two representative batches 
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(entries 17 and 18) using UV–vis absorption spectroscopy, cyclic voltammetry, atomic force 
microscopy, transmission electron microscopy, and grazing-incidence wide-angle X-ray diffraction 
(GIWAXD), summarized in the Tables 5.7.4 and 5.7.5. The film absorption coefficients (ԑ) varied 
from 93,900 to 133,000 cm-1 for entries 17 and 18, implying that the increase of Mws can result in the 
enhanced light-absorbing capability. Nonetheless, the two test samples exhibited similar physical 
features (nearly identical absorption shape, optical bandgap of 1.67 eV, HOMO:LUMO of 
−5.34:−3.61 eV, small surface roughness of 1.0 nm, lamellar distance of 19.5 Å, and π−π stacking 
distance of 3.9 Å), as revealed by a series of the aforementioned analysis (Figure 5.4.1), which to 
some extent may reflect the sufficiently high quality that correlates with nearly identical structural 
aspects. 
 
 
Figure 5.4.2 GPC profiles of entries 17, 18, 19, Commer-1, and -2 with the multiple curves 
deconvoluted through the fitting of each GPC curve. 
 
Next, we further compared and quantified the difference between the resulting polymers 
prepared from our optimized stepwise and conventional protocols (entries 17, 18, and 19) and 
commercially available PTB7 products, which we purchased from Derthon and 1-Material companies. 
As shown in Figure 5.4.2, both entries 17 and 18 show significantly higher Mw and narrower Ð values 
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than those of the entry 19 and commercial products, which we determined by the same processing 
GPC analysis (Table 5.7.7). Note that the different commercial products used in this study are 
denoted as Commer-1 and Commer-2, respectively. These results clearly indicate that stepwise 
polymerization is an effective strategy to achieve a narrow distribution of high-Mw polymers. 
 
5.5 Photovoltaic Performance  
 
Figure 5.5.1 Photovoltaic performance from the selected entries and Commer-1. a) J–V 
characteristics for BHJ solar cells. b) EQE spectra in a range from 300 to 900 nm. c) Variations in 
device parameters of JSC, VOC, and PCEs. All error bars with average values were obtained from more 
than 30 devices for each polymer.  
 
To assess the effect of polymer quality control on photovoltaic properties, we fabricated 
archetypal single junction PSC devices (ITO/PEDOT:PSS/PTB7:PC71BM/Al) based on four polymers 
(entries 17, 18, 19, and Commer-1). In accordance with the aforementioned optimized processing 
１３２ 
 
conditions, we spin-coated the PTB7:PC71BM blend (1:1.7 wt%), 12 mg mL−1 concentration, in a 
mixed solvent of chlorobenzene (CB):1,8-diiodooctane (DIO) (97:3 vol%). We chose Commer-1 as a 
commercial reference sample because of its higher quality from a materials standpoint and better PSC 
characteristics in the initial screening test relative to that of Commer-2 (Figure 5.7.6 and Table 5.7.8). 
The result of entry 19 obtained from conventional Stille polymerization was also included in the 
evaluation of the PSC performance for the sake of comparison. 
 
Table 5.5.1 Device parameters for entries 17, 18, 19, and Commer-1. 
Samples JSC (mA cm-2) VOC (V) FF (%) PCE (%) max/avg.* 
entry 17† 19.8±0.4 0.71±0.02 62±2 9.35/8.93* 
entry 18† 20.9±0.3 0.71±0.01 62±2 9.97/9.69* 
entry 19† 16.3±0.6 0.72±0.03 60±3 6.98/5.92* 
Commer-1† 16.5±0.5 0.72±0.02 61±1 8.02/7.26* 
*The average values were obtained from over 30 devices with the standard deviation. avg., average. †The 
thicknesses of the polymer blending films with PC71BM are 85, 80, 78, and 83 nm, respectively. 
 
Figure 5.5.1a shows the current density−voltage (J–V) curves measured under the simulated AM 
1.5G at 100 mW cm−2 irradiance, and Table 5.5.1 shows the corresponding key photovoltaic 
parameters. The Commer-1:PC71BM control device showed a short-circuit current density (JSC) of 
16.5 mA cm−2, an open-circuit voltage (VOC) of 0.72 V, and a fill factor (FF) of 61%. This indicates a 
PCE of 8.02% (PCEavg = 7.26%), which is similar to the results previously reported from the highly 
optimized PTB7-based devices42-46. The device performance for the entry 19 was lowest with a PCE 
of 6.98% (PCEavg = 5.92%). On the other hand, both entries 17- and 18-based devices display 
significant improvements in the JSC, having similar VOCs of 0.71 V and FFs of 62%. The increase in 
JSC values is in good agreement with the results of external quantum efficiency (EQE) measurements 
from the corresponding devices (Figure 5.5.1b). In addition, the trend of the EQE enhancements is 
well-matched with the increased absorption spectra of the blend films (Figure 5.7.7), which is 
consistent with what was previously reported in that the photocurrent correspondingly increases with 
Mw valuess47,48. Consequently, we achieved a PCE of up to 9.97% (PCEavg = 9.69%) in the best-
quality entry 18-based device, which, our best knowledge, is the highest value reported for PTB7-
based PSCs. More importantly, the entry 18-based device shows superior reproducibility in regard to 
all photovoltaic parameters; more than 30 devices lie within trivial error ranges of 5.88% (to 95% 
confidence level), whereas the control devices (entry 19 and Commer-1) show large performance 
variations in each device type (Figure 5.5.1c). The origin of improvements in both the PCEs and 
reproducibility of PSCs based on entry 18 is consistent with what was previously suggested in that a 
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lower density of radical-type paramagnetic defects in PTB7 with high Mw leads to improved device 
functionality49. These observations imply that polymer chain quality control is an important 
contributor to resolving the challenging issue of device-to-device variations in PSCs. 
Moreover, to explore the versatility of the stepwise heating protocol, we attempted to prepare 
various other polymers, including thienopyrroledione-, diketopyrrolopyrrole-, quinoxaline-, and 
thiophene-based monomeric systems by using conventional- and stepwise-heating systems, 
respectively (Figure 5.7.8 and experimental section). As can be seen in the relevant GPC results 
(Figure 5.7.9 and Table 5.7.9), in all cases, the stepwise polymerization produced the polymeric 
components with higher Mw and narrower Ð values compared to those of the corresponding ones 
obtained from the conventional method. The PSCs based on the resulting polymers were 
comparatively investigated in the same device architecture as described above (experimental section, 
details of the optimized conditions for each polymer). The devices based on the stepwise batches 
showed higher PCEs than those of the corresponding ones fabricated from the conventional method 
(Figure 5.7.10). Note that the higher-quality PBDT-TPD prepared from the stepwise tool exhibited a 
slightly lower PCE than that of the sample with conventional tool, due to its poorer film formation 
with aggressive aggregation behavior induced by the low solubility and processability upon the device 
fabrication50,51. These overall results propose the feasibility of stepwise Stille polymerization for a 
broader application. 
5.6 Conclusion  
In summary, we introduced the stepwise heating protocol for Stille polycondensation, applied it 
to the preferential step growth of low-Mw fractions, and successfully demonstrated our protocol for 
the PTB7 system. We optimized the process conditions by thoroughly screening a comprehensive set 
of control parameters, including catalyst, reaction time, temperature, solvent, and concentration. 
Compared to the commercial PTB7 product-based PSCs, the ultrahigh-quality PTB7 (high Mw and 
narrow Ð) prepared via optimized stepwise polymerization shows substantial improvement of the JSC 
exceeding 20 mA cm−2. This results in an outstanding PCE of up to 9.97% (PCEavg = 9.69%), which is 
by far the highest value reported for PTB7-based PSCs. Moreover, the quality-controlled PTB7 can 
significantly suppress the batch-to-batch variations in solar cell performance, leading to excellent 
reproducibility in the overall PCE values. Our findings will not only provide important progress for 
prevalent semiconducting polymer reactions but also help overcome the inveterate disadvantage of 
polymer-based electronics applications. 
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5.7 Supporting Information 
Materials and Instruments: All the chemicals including solvents, reagents, and catalysts for this 
work, were purchased from Sigma-Aldrich, Alfa Aesar chemical company, Tokyo Chemical Industry 
Co., Ltd., and Derthon Optoelectronic Materials Science Technology Co., Ltd. Unless otherwise 
specified, such chemicals were used without any further purification. (Caution: Trimethyltin chloride 
and other organotin-related compounds are highly toxic to cause irritation and burns of the skin and 
eyes with fatal damage on the central nervous system. High and repeated exposure can cause loss of 
hearing, weakness, confusion and seizures52,53.) 2,6-Bis(trimethyltin)-4,8-bis(2-
ethylhexyloxy)benzo[1,2-b:4,5-b’]dithiophene was synthesized according to the literature31 and 2-
ethylhexyl-4,6-dibromothieno[3,4-b]thiophene-2-carboxylate was purchased from Derthon, both of 
which were purified with recrystallization and chromatography using a reverse-phase column, 
JAIGEL-ODS-AP, SP-120-10 (2.0 cmφ × 25 cm, i.d., Japan Analytical Industry Co., Ltd.) in a 
mixture of acetonitrile and THF as the mobile phase. The elution was monitored at 256 nm with a UV 
detector. 
Conventional Stille polycondensation. We dissolved monomers 1 (100 mg, 0.13 mmol) and 2 
(61.1 mg, 0.13 mmol) in a single solvent or a mixture of toluene and DMF (0.10 and 0.05 M) in a 
long Schlenk tube. After intensive bubbling with argon for 20 min, for accuracy, we injected the 
solution of Pd catalyst in toluene (5.2 mM, 4.0 mol%) with subsequent purging for 10 min. We kept 
the mixture in a preheated oil bath at certain temperatures for various durations. Table 5.2.1 
summarizes the pertinent conditions. After cooling to room temperature, we purified the precipitates 
in methanol by Soxhlet extraction with methanol, acetone, hexane, and chloroform. We quantitated 
the Mn, Mw, and Ð values by high-temperature GPC and estimated the yields from the isolated fraction 
in chloroform. The additional screenings in the conventional reactions were performed with changes 
in the method (see the Table 5.7.3). 
Stepwise Stille polycondensation. We dissolved monomers 1 (100 mg, 0.13 mmol) and 2 (61.1 
mg, 0.13 mmol) in a binary mixture of toluene and DMF (0.10 to 0.026 M) as a 4:1 ratio in a long 
Schlenk tube. After intensive bubbling with argon for 20 min, we injected the solution of Pd catalyst 
in toluene (5.2 to 1.3 mM) with subsequent purging for 10 min. We reacted the mixture in a preheated 
oil bath at 120 °C for 1 h for the initial stage, after which allowed the temperature to reduce and kept 
the tube cooled for 11 h. We then reset the temperature to 120 °C and continuously maintained this 
temperature for 1 day. We extracted small quantities of the mixture for GPC measurement with a 
syringe before subsequent heating and then performed rapid precipitation in methanol as well as 
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Soxhlet purification. We confirmed the high-temperature 1H NMR results (Figure 5.7.11 of 
representative entries 17 and 18 and Commer-1). 
Stepwise Stille polycondensation of poly[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-
b']dithiophene-2,6-diyl-alt-5-octylthieno[3,4-c]pyrrole-4,6-dione-1,3-diyl] (PBDT-TPD): To a 
mixture of monomers 1 (100 mg, 0.13 mmol) and 3 (54.8 mg, 0.13 mmol) in a binary mixture of 
toluene and DMF (0.10 M) as a 4:1 ratio, the solution of Pd(PPh3)4 in toluene (2.6 mM) was injected 
with subsequent argon purging for 30 min. The long Schlenk tube was placed in a preheated oil bath 
at 120 °C for 1 h for the initial stage, after which allowed the temperature to reduce and kept the tube 
cooled for 11 h. The reaction temperature was set again to 120 °C and continuously maintained for 1 
day. Cooling down to room temperature, the precipitates in methanol was purified and the fraction 
from chloroform was characterized under the same process conditions used for the PTB7. 
Stepwise Stille polycondensation of poly[2,5-bis(2-octyldodecyl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione-3,6-diyl-alt-2,2’:5’,2’’:5’’,2’’’-quaterthiophene-5,5’’’-diyl] (PDPP-biTh): To a 
mixture of monomers 4 (48.3 mg, 0.098 mmol) and 5 (100 mg, 0.098 mmol) in toluene (0.078 M), the 
solution of Pd(PPh3)4 in toluene (2.0 mM) was injected with subsequent argon purging for 30 min. 
The long Schlenk tube was placed in a preheated oil bath at 100 °C during color change to green for 
the initial stage, after which allowed the temperature to reduce and kept the tube cooled for 11 h. The 
reaction temperature was set again to 100 °C and continuously maintained for 1 day. Cooling down to 
room temperature, the precipitates in methanol was purified and the fraction from chloroform was 
characterized under the same process conditions used for the PTB7. 
Stepwise Stille polycondensation of poly[6-fuoro-2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-
alt-thiophene-2,5-diyl] (PFQx-Th): To a mixture of monomers 6 (57.3 mg, 0.14 mmol) and 7 (100 mg, 
0.14 mmol) in chlorobenzene (0.11 M), Pd2(dba)3/P(o-tolyl)3 (1.4/5.6 µmol) was added with 
subsequent argon purging for 30 min. The long Schlenk tube was placed in a preheated oil bath at 
140 °C for 2 h for the initial stage, after which allowed the temperature to reduce and kept the tube 
cooled for 10 h. The reaction temperature was set again to 140 °C and continuously maintained for 2 
days. Cooling down to room temperature, the precipitates in methanol was purified and the fraction 
from chloroform was characterized under the same process conditions used for the PTB7. 
Stepwise Stille polycondensation of poly[5-(2-hexyldodecyl)thieno[3,4-c]pyrrole-4,6-dione-1,3-
diyl-alt-4’,4’’-didodecyl-2,2’:5’,2’’-terthiophene-5,5’’-diyl] (PTPD-Th): To a mixture of monomers 6 
(39.5 mg, 0.097 mmol) and 8 (100 mg, 0.097 mmol) in a binary mixture of toluene and DMF (0.039 
M) as a 4:1 ratio, Pd2(dba)3/P(o-tolyl)3 (1.4/5.6 µmol) was added with subsequent argon purging for 
30 min. The long Schlenk tube was placed in a preheated oil bath at 120 °C for 1 h for the initial stage, 
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after which allowed the temperature to reduce and kept the tube cooled for 11 h. The reaction 
temperature was set again to 120 °C and continuously maintained for 1 day. Cooling down to room 
temperature, the precipitates in methanol was purified and the fraction from chloroform was 
characterized under the same process conditions used for the PTB7. 
General characterization. Elementary analyses were performed by a Flash 2000 element 
analyzer (Thermo Scientific). High resolution mass spectrometry (HRMS) spectra were measured 
using a Q Exactive™ Plus Hybrid Quadrupole‐Orbitrap™ mass spectrometer (Thermo Scientific). 
The polymers used for comparison in this work were purchased from Derthon and 1-Material and the 
characterization data for polymeric parameters are summarized in Table 5.7.7. 1H NMR spectra were 
recorded on a Varian VNRS 600 MHz spectrometer using deuterated 1,1,2,2-tetrachloroethane 
C2D2Cl4) as solvent at 348 K. UV–vis–NIR absorption spectra were obtained using a UV-1800 
(SHIMADZU) spectrophotometer. Gel permeation chromatography (GPC) with Waters 150C GPC 
was used to determine number-average (Mn) and weight average (Mw) molecular weights, and 
polydispersity index (Ð) of the polymer products against a series of monodisperse polystyrenes as 
standards in 1,2,4-trichlorobenzene (HPLC grade) at 120 °C. For multiple column usage, three GPC 
columns for high-temperature were connected in series of GPC-HT-803, -804, and -805 (product code: 
F62085700, F6208710, and F6208720, column size: 8.0 × 300 mm, usable temperature: 100 to 150 °C, 
particle size: 13 µm, pore size: 500, 1500, and 5,000 Å, and, exclusion limit: 70, 400, and 40,000 kDa, 
ShodexTM). The monodisperse polystyrene standards with a broad range of Mws were used for the 
GPC calibration curves with the equation, Y (logMw) = −0.31854 * X (min) + 9.02902 and the 
correlation factor, 0.9998350 (see the Table 5.7.2 and Figure 5.7.2). To avoid errors caused by 
extrapolation, Figure 5.5.2 was replotted with the calibration curve and points, as shown in the 
Figure 5.7.5. Cyclic voltammograms (CV) of entries 17 and 18 on a platinum working electrode were 
obatained by AMETEK Versa STAT 3 at a scan rate of 100 mV s-1. For a three-electrode cell system 
in a nitrogen bubbled 0.1 M tetra-n-butylammonium hexafluorophosphate (n-Bu4NPF6) solution in 
acetonitrile, Ag/Ag+ electrode and a platinum wire were used as the reference electrode and counter 
electrode, respectively. A Fc/Fc+ redox couple as an internal standard was used to calibrate the 
Ag/Ag+ reference electrode. Oxidation potential of Fc/Fc+ was set at −4.8 eV with respect to a zero 
vacuum level. EHOMO/ELUMO = −(φoxonset/φredonset − φferroceneonset + 4.8) (eV) was used for 
calculating the HOMO/LUMO energy levels. AFM investigations were carried out by a multimode V 
microscope (Veeco, USA) in the tapping mode with a nanoscope controller using Si tips (Bruker). The 
AFM phase images were provided in the Figure 5.7.4. TEM analysis was performed using a JEOL 
USA JEM-2100F (Cs corrector) transmission electron microscope. GIWAXD measurement was 
carried out at the PLS-II 6D UNIST-PAL beamline of the Pohang Accelerator Laboratory in Korea. A 
double crystal monochromator with a 2D CCD detector (Rayonix SX165) was used to monochromate 
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the X-ray coming from the in-vacuum undulator (λ = 1.1099 Å), which was focused both horizontally 
and vertically ((450 (H) × 60 (V) µm2 in FWHM (full width at half maximum) @sample position) 
using K-B type mirrors. The 7-axis motorized stage was used for the fine alignment of samples, and 
the incidence angle of X-ray beam was set to be 0.12o for the neat polymers and the blend films. 
Diffraction angles were calibrated using a sucrose standard (Monoclinic, P21, a = 10.8631 Å, b = 
8.7044 Å, c = 7.7624 Å, β = 102.938°) and the detector was located at a distance of ≈232 mm from 
the sample centre. 
Device fabrication and characterizations. The conventional devices were adopted to assess the 
performance of polymers:PC71BM-based solar cells with the device architectures of 
glass/ITO/PEDOT:PSS/photoactive materials/Al. ITO-coated glasses were washed using deionized 
water, acetone and isopropyl alcohol, dried in an oven. Solutions of the PTB7-based polymers in 
chlorobenzene/1,8-diiodooctane solvent (97:3 vol%) at concentrations of 12 mg mL-1 were used for 
the blending solutions polymer:PC71BM (1:1.7 wt%). PEDOT:PSS was spin-coated on the substrates 
at 4000 rpm for 1 min and dried at 150 °C for 10 min. The prepared blend solutions were spin-coated 
at 900 rpm for 2 mins onto PEDOT:PSS-coated ITO in the glove box under nitrogen condition. 
Subsequently, the Al (100 nm) counter-electrode was thermally evaporated under a vacuum (B106 
Torr), which defines the device area of 13 mm2. J–V characteristics were obtained in the glove box 
with a xenon arc lamp solar simulator under AM 1.5G illumination (100 mW cm-2) using a Keithley 
2635A source measurement unit, and QE system (Model QEX7) from PV measurements Inc. (Boulder, 
Colorado) was used for EQE measurement under ambient conditions. 
The devices based on PBDT-TPD, PDPP-biTh, PFQx-Th, and PTPD-T polymers were fabricated 
under the similar process conditions used for the PTB7-based devices, except for the followings: 
chlorobenzene/1,8-diiodooctane solvent (97:3 vol%, 8 mg mL-1 concentration), polymer:PC71BM 
(1:1.5 wt%) blend ratio, and spin-coating at 1500 rpm for PBDT-TPD; dichlorobenzene/chloroform 
solvent (1:4 vol%, 8 mg mL-1 concentration), polymer:PC71BM (1:1.5 wt%) blend ratio, and spin-
coating at 3000 rpm for PDPP-biTh; dichlorobenzene/chloroform solvent (4:1 vol%, 8 mg mL-1 
concentration), polymer:PC71BM (1:1.5 wt%) blend ratio, and spin-coating at 1000 rpm for PFQx-Th; 
chloroform/1,8-diiodooctane solvent (98:2 vol%, 10 mg mL-1 concentration), polymer:PC71BM (1:2 
wt%) blend ratio, spin-coating at 3000 rpm for 1 min, and annealing at 120 °C for 10 min for PTPD-
Th, respectively.  
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Figure 5.7.1 High resolution mass spectra of monomer 1 and 2 for (a) and (b), respectively. 
 
Table 5.7.1 Elemental analyses and mass information of monomer 1 and 2. 
Monomer 
Calculated  Found 
carbon hydrogen sulfur m/z (ESI)  carbon hydrogen sulfur m/z (ESI) 
1 49.76 7.05 8.30 772.16032  49.82 7.13 8.30 772.16028 
2 38.15 3.63 13.58 471.90003  38.21 3.65 13.64 472.21552 
 
 
 
Figure 5.7.2 GPC profiles of the broad ranges of the polystyrene standards and the calculated 
calibration points and line with the equation and the correlation factor. 
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Table 5.7.2 The standard groups of monodisperse polystyrenes used for GPC calibrations with their 
polymeric parameters. 
Standards Mw (kDa) logMw Elution Timemax (min) 
Standard 
Group 1 
(Std G1) 
217 5.34 11.65 
127 5.09 12.39 
20.1 4.30 14.85 
Standard 
Group 2 
(Std G2) 
282 5.45 11.17 
96.1 4.98 12.71 
6.31 3.80 16.41 
Standard 
Group 2 
(Std G3) 
508 5.71 10.43 
282 5.45 11.17 
32.9 4.52 14.13 
 
 
 
Table 5.7.3. The additional experiments for the screenings in the conventional Stille 
polycondensation. 
Entry 
Changes in 
the method 
Mn (kDa)* Mw (kDa)* Ð * 
S1 injection method† 4.50 7.10 1.60 
S2 
- 23.3 41.3 1.76 
post-polymerization‡ 26.1 47.3 1.94 
S3 
- 16.6 33.7 2.03 
post-polymerization§ 19.9 41.0 2.06 
The conventional Stille polycondensation was carried out under an argon atmosphere in a long Schlenk tube of 
monomer 1 and 2 in 0.10 M solution, and 4 mol% of Pd(PPh3)4. *Mn, Mw, and Ð  values were determined from 
GPC measurement using 1,2,4-trichlorobenzene at 120 °C calibrated with polystyrene as standard. †An auto-
injector was employed for dropwise of the solution of the ditin monomer in toluene. ‡Post-Stille 
polycondensation of the extracted chloroform fraction noted in above row was carried out with an excess of 
compound 1 in same conditions for 12 h. §Direct arylation polymerization of the extracted fraction in hexane 
was carried out with an excess of compound 2 in the condition of an arbitral amount of Pd(OAc)2 and pivalic 
acid in THF with K2CO3 at 80 °C for 12 h. 
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Figure 5.7.3 GPC profiles of time-dependent growing trends of polymeric chains by logMw in 
conventional Stille polycondensation for entries 1 and 10 (a) and in the stepwise method for entry 11 
(b) with pictures of a set of three steps clearly dissolved in toluene/DMF for entry S9 (c). 
 
 
Table 5.7.4 The additional GPC results of each set of batches in stepwise Stille polymerization 
varying the temperatures and the catalyst loadings.  
Entry Temp. (°C) Time (h) Mn (kDa)* Mw (kDa)* Ð * 
S4† 
60 4 12.6 17.4 1.38 
90 4 21.6 31.3 1.45 
120 24 42.4 75.0 1.77 
11‡ 
120 1 14.8 40.6 2.75 
60 11 36.7 62.1 1.69 
12‡ 
120 1 11.0 28.7 2.61 
80 11 34.0 71.7 2.11 
13‡ 
120 1 9.15 27.2 2.97 
100 11 45.1 88.4 1.96 
S5§ Stepwise Polymerization 70.1 101 1.44 
S6‖ 
120 1 26.4 55.2 2.09 
60 11 27.9 56.1 2.01 
120 24 103 137 1.33 
S7‖ 
120 1 19.2 38.7 2.02 
60 11 30.1 57.9 1.93 
120 24 79.7 126 1.58 
S8‖ 
120 1 42.6 81.4 1.91 
60 11 82.8 120 1.45 
120 24 143 188 1.31 
S9‖ 120 1 46.4 84.5 1.82 
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60 11 87.9 124 1.41 
120 24 151 190 1.25 
The stepwise Stille polycondensation was carried out under an argon atmosphere in a long Schlenk tube of 
monomer 1, 2 and Pd(PPh3)4 and procedures included the initial heating at 120 °C for 1 h, the cooling step at 
60 °C for 11 h, and the final heating at 120 °C for 1 day. *Mn, Mw, and Ð  values were determined from GPC 
measurement using 1,2,4-trichlorobenzene at 120oC calibrated with polystyrene as standard. †The gradual 
increasing in temperature was attempted including at 60 °C for 4 h, 90 °C for 4 h, and finally 120 °C for 1 day. 
‡The cooling temperature was investigated as followed by Table 5.3.1 in manuscript at 60 °C, 80 °C, and 100 °C 
for entries 11, 12, and 13, respectively. §Different catalyst system, Pd2(dba)3/P(o-tolyl)3 (2/8 mol%) was adopted. 
‖The catalyst loadings were initially varied from 4.0 mol% to 1.0 mol%. 
 
 
Table 5.7.5 The optical and electrical properties of entries 17 and 18. 
Polymers 
λmaxfilm 
(nm)* 
ԑabsfilm 
(cm-1)† 
Egopt
 
(eV)‡
 
EHOMO 
(eV)§
 
ELUMO 
(eV)§
 
Egelec
 
(eV)ǀ
 
entry 17 627, 679 93,900 1.68 -5.34 -3.61 1.73 
entry 18 627, 679 133,000 1.67 -5.34 -3.61 1.73 
*Polymer films were spin-coated on glass substrates. †The absorption coefficient (ԑ) was obtained using the 
equation (ԑ = 2.303 × (A/l)), where A is the absorbance and l is the film thickness (in cm). ‡The optical band gap 
was determined from the onset of the UV-vis absorption spectra in the polymer films. §Energy levels are 
measured by cyclic voltammetry with Fc/Fc+ (EHOMO = -4.80 eV) as the internal reference. ǀThe electronic band 
gap was calculated from Egelec = ELUMO - EHOMO. 
 
 
 
 
Figure 5.7.4 AFM phase images of entries 17 and 18. 
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Table 5.7.6 Crystallographic parameters calculated from GIWAXD profiles of thin-films of entries 17 
and 18. 
Crystallographic 
Parameters 
 entry 17 entry 18 
q (Å -1) 
qxy 
(100) 
0.321 0.317 
d-spacing (Å ) 19.8 19.6 
FWHM (Å -1) 0.149 0.150 
Correlation length (Å ) 37.8 37.6 
q (Å -1) 
qz  
(010) 
1.58 1.60 
d-spacing (Å ) 3.95 3.93 
FWHM (Å -1) 0.336 0.298 
Correlation length (Å ) 17.1 19.3 
 
 
 
 
Figure 5.7.5 GPC plots of Figure 3 in weight distribution mode (a) and with the calibration points and 
lines (b). 
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Table 5.7.7 The polymeric parameters of commercially purchased samples. 
Company Mn (kDa)* Mw (kDa)* Ð * 
Commer-1 56.2 109 1.94 
Commer-2 36.6 82.4 2.25 
*Mn, Mw, and Ð  values were determined from GPC measurement using 1,2,4-trichlorobenzene at 120 °C 
calibrated with polystyrene as standard. 
 
 
 
 
Figure 5.7.6 GPC profiles of entries 3, 4, 5, 6, 9, and Commer-2 (a), and J–V characteristics of solar 
cell devices fabricated using the selected entries (b). 
 
 
 
 
１４４ 
 
Table 5.7.8 The photovoltaic parameters for the conventional Stille batches with Commer-2. 
Samples JSC (mA cm-2) VOC (V) FF (%) PCE (%) 
entry 1 14.45 0.72 56 5.77 
entry 4 16.31 0.72 56 6.65 
entry 5 14.09 0.70 48 4.73 
entry 6 13.79 0.69 57 5.40 
entry 9 17.89 0.73 59 7.74 
Commer-2 17.02 0.73 62 7.73 
 
 
Figure 5.7.7 UV-vis spectra of the blending films with PC71BM (1:1.7 wt%). 
 
 
Figure 5.7.8 Synthetic routes for PBDT-TPD (a), PDPP-biTh (b), PFQx-Th (c), and PTPD-Th (d). 
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Figure 5.7.9 Comparison of stepwise and conventional Stille polycondensations by GPC profiles and 
structures for PBDT-TPD (a), PDPP-biTh (b), PFQx-Th (c), and PTPD-Th (d). 
 
Table 5.7.9 The results of GPC measurements for additional four polymers synthesized by stepwise 
and conventional methods. 
Polymers Temp. (°C) Time (h) Mn (kDa)* Mw (kDa)* Ð * 
Yield 
(%)† 
PBDT-TPD 
120 1 8.21 18.1 2.19 -‡ 
60 11 23.2 43.1 1.87 -‡ 
120 24 91.3 127 1.40 73 
Conventional Polymerizations1 30.1 64.2 2.14 82 
PDPP-biTh 
100 -§ 11.4 34.4 3.02 -‡ 
60 11 27.4 59.6 2.17 -‡ 
100 24 81.2 101 1.26 88 
Conventional Polymerizations2 37.7 71.8 1.91 85 
PFQx-Th 
140 2 12.5 29.9 2.40 -‡ 
60 10 33.9 71.4 2.11 -‡ 
140 48 82.1 112 1.36 54 
Conventional Polymerizations3 27.3 51.5 1.88 69 
PTPD-Th 
120 1 8.28 11.8 1.43 -‡ 
60 11 21.2 34.0 1.60 -‡ 
120 24 98.6 139 1.41 89 
Conventional Polymerizations4 40.5 74.8 1.85 57 
The conventional batches were carried out following the cited papers. *Mn, Mw, and Ð  values were determined 
from GPC measurement using 1,2,4-trichlorobenzene at 120 °C calibrated with polystyrene as standard. †Yields 
were estimated from the amounts of the chloroform fractions. ‡Each fraction was extracted by a syringe, then 
precipitated in methanol with Soxhlet purification for only GPC analysis. §In the optimized conditions for 
PDPP-biTh case, the initial step was proceeded until the solution color was changed to green. 
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Figure 5.7.10 Comparison of J–V characteristics with stepwise and conventional batches for PBDT-
TPD (a), PDPP-biTh (b), PFQx-Th (c), and PTPD-Th (d). 
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Figure 5.7.11 High-temperature 1H NMR spectra of entries 17, 18 and Commer-1.  
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삶이란 결국 모호함을 견뎌내는 것이다, 라는 오글거리는 인용구를 이제는 언뜻 
품을 수 있는 나이가 되었습니다. 헛한 패기로 울산에 올라온 열아홉의 이치는 십년 
수학을 끝으로 고락과 함께 기다릴 수많은 모순과 맞닥뜨릴 준비를 겨우 이뤄냈지만 
만반이 아님에, 이 짧지도 길지도 않은 애매한 연경이 아쉬울 따름입니다. 그간의 인과를 
앞으로 더 정진할 수 있게끔 낮은 디딤단으로 삼으며 천장할 준비를 하고 있는 저에게 
발판을 마련해주신 분들을 위해 서면으로나마 이렇게 감사를 표하고자 합니다.  
학부 연구생부터 터무니없이 부족한 저에게 지도와 지원을 끊임없이 해주신, 양 
창덕 지도 교수님께 깊게 감사드립니다. 교수님께는 학위 기간동안 못난 만상들만 
보여드렸고 여전히 천덕구니로 어리광부리고 있지만 저에게는 위대한 연구자를 넘어 
따뜻한 선배이시기도 합니다. 맥연하게 온당하지 않은 표현일지 모르나 한시대의 같은 
갈림길들을 앞서 걸어가고 있는 그가, 이제 막 남긴 발자국이 채 지워지지도 않은 
저에게 이정을 재단할 수 있도록 다시 그 길을 돌아와 함께 고민해주시기에. 늘 
교수님께 죄송하고 감사한 마음이 가득합니다. 대안이 없으면 멈춰 있지 말라는 
도광양회의 말씀을 항상 가슴 깊이 새기며, 이룬 것 하나 없지만 교수님께 수학한 것을 
자랑으로 앞으로를 살아가겠습니다, 감사합니다.  
교수님께 같이 지도를 받고 생활했던 저희 연구실 선배님들과 동료들에게 깊은 
감사를 드립니다. 먼저 천지도 모르던 저를 하나하나 가르쳐 주신 형들에게 존경을 더해 
말씀드리려 합니다. 풀러렌으로 첫 실험을 시작한 저에게 기초부터 차근차근 알려주시고 
늘 웃으며 반겨 주시던 종기형, 연구실 생활에서 가져야하는 자세를 몸소 알려주고 늘 
모범이 되어 주시는 정훈이형, 항상 재밌는 농과 함께 친절히 가르쳐 주시는 것을 
아끼지 않았고 제가 많이 잘못한 경식이형, 격려와 조언으로 연구하는데 힘이 되는 좋은 
말씀과 잊지 못할 커피타임을 가졌던 존경하는 김 이호 차장님, 연구만이 아니라 
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안팎으로 도움과 격려로 항상 감사한 마음이 가득한 우리 규철이형, 그리고 끊임없는 
연구에 대한 열정으로 열렬히 토의하며 함께 공부할 수 있는 자세와 태도를 가르쳐 주신 
광현이형. 뿐만 아니라 항상 친절하게 다가와 먹을 것을 나눠주며 연구를 토의하던 첸과 
새침한 타냐, 나를 보며 abnormal 이라고 놀렸지만 연구에 대한 열정과 진척은 귀감이 
되었던 기티시. 항상 재밌게 생활했던 도혁이형과, 과묵한 효진누나, 늘 친절하고 
재밌었던 미진누나. 서로 즐겁고 재밌게 연구실 생활을 보낼 수 있게 해준 대희형, 유진, 
혜진. 졸업하는 시점에 이미 각자의 길에서 각자의 삶을 살고 있는 그들이 모두 
본인만의 행복으로 가득하길 바라며 다시 한 번 감사합니다.  
여태까지 동고동락하며 지내온, 그리고 미래에 학위를 받게 될 연구실의 
친구들에게도 감사의 말을 전합니다. 선배이자 친구로 학위 기간동안 많은 일들을 함께 
보내고 또 동년배임에도 많은 것을 배우고 많은 것이 고마운 정호, 같이 인턴 생활하던 
때가 얼마 지나지 않은 것 같은데 벌써 졸업이고 이제야 졸업이네. 같이 있어서 
재밌었고 덜떨어진 친구랑 같이 연구한다고 고생 많이 했습니다. 묵묵히 본인의 연구를 
진행하고 늘 친절하게 얘기하고 토의했던 소희, 연구실에 들어오던 때가 엊그제 
같은데도 이제는 어엿이 본인의 몫을 다하고 속마음을 털어놓을 수 있는 멋진 동생 민규, 
같이 보낸 추억들과 칸트를 비롯한 많은 것을 얘기하고 또 많이 가르쳐준 고마운 동생 
병규, 말도 많이 하고 담배도 많이 태우고 서로를 정말 많이 공유하며 생활한 착한 동생 
용준, 늘 실없이 웃지만 듬직하게 맡은 일에 책임지는 든든한 동생 성우, 군말없이 
제자리에서 항상 열심히, 꾸준히 일하는 동생 지연. 그리고 이제 막 들어와 형들이 하는 
말 잘 들으면서 열심히 연구하고 항상 웃으며 점심 거르는 형을 위해 빵사오는 착한 
성훈, 꿋꿋하게 본인이 맡은 일을 잘하고 늘 웃는 얼굴로 장난끼 많은 착한 서영. 
선배로서 후배들에게 해준 것이 없어 항상 미안한 마음뿐이고 어째 도움만 받았기에 더 
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고맙습니다. 그대들은 모두 뛰어난 개인이라 본인이 이루고자 하는 마음만 키운다면 
언제, 어디서든 원하는 일들로 가득 채울 수 있을 거야.  
학위 기간동안 소재 합성만을 전공으로 공부했기에 많이 부족한 저를 공동 연구로 
지도해주신 오 준학 교수님과 박 혜성 교수님, 그리고 박사학위 논문과 발표를 통해 
가르쳐 주시고 심사해주신 김 진영 교수님, 홍 성유 교수님, 김 봉수 교수님께도 정말 
감사드립니다. 말씀대로 본인의 연구에 자신감과 자부심을 갖고 설명하고 이끌어 나갈 
수 있는 박사가 되도록 더 노력하겠습니다. 다시 한 번 감사의 말씀을 전합니다.  
끝으로 저에게 전부이자 무엇과도 바꿀 수 없는 제 가족에게 그간의 모든 헌신과 
사랑, 지원에 감사합니다. 결국 세계는 한 권의 책에 이르기 위하여 만들어졌다, 라는 
스테판 말라르메의 시구를 요즘 부쩍 한량이 되어버린 제가 가족들을 생각하며 떠올리곤 
합니다. 아버지 이 흥기, 어머니 안 정옥, 큰누나 이 은진, 작은누나 이 현주, 우리형 이 
장면, 그리고 조카 이 하진. 우리 가족 모두에게는 본인만의 세계가 있고 또 본인만의 
책이 있을 텐데, 어찌 저에게 이리도 많은 쪽을 할애하여 주십니까. 이 글을 작성하다 
잠시 담배를 태우러 간 그 짧은 사이에도, 졸린 눈으로 더러운 슬리퍼가 신경이 
쓰이셨던지 찬물에 손을 담구어 세탁해 놓으신 우리 어머니. 어제부로 삼십육년간의 
공직 생활을 끝내고서 호젓하고 고적할 당신께서 오히려 저를 더 챙기시는 우리 아버지. 
빈 쪽의 수가 이제는 더 적을, 그 닳고 따뜻한 책에서 아직도 못난 아들을 그리는 감히 
짐작도 되지 않을 마음. 그렇게 기적 같은 부모님의 봄날과 깨끗했던 책은 저물고 
무디어지고 있습니다. 저는 그의 시에 거짓이 없기를 간절히 바라며, 욕심부려 이제는 
저로 하여금 그 두 권의 책이 아름다운 결말에 이르길 간구합니다. 존경합니다, 
죄송합니다, 감사합니다. 또한 같이 자라온 누나들과 형에게 고마움을 전합니다. 든든히 
그 자리를 버텨주고 가족의 대소사를 책임지고 열심히 생활하는 큰누나, 언제나 밝은 
모습으로 당당하게 지내고 가족들을 하나부터 열까지 챙기는 작은누나, 듬직하고 묵묵히 
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에어 프라이어를 사용하는 그의 뒷모습이 기억나는 우리 쌍둥이형, 그리고 오늘 야옹이 
인형한테 뽀뽀 한 번 했다고 나를 그렇게 싫어하던 예쁜 조카 하진이. 우리 모두는 예쁜 
삶을 살거야. 원하는 모든 것을 이루진 못하더라도 각자의 글씨로 빼뚤하지만 정직하게 
쓰다 보면 우리들의 책들도 모두 한 권씩, 행복하게 엮을 수 있을 거니까.  
고민을 많이 했지만 어차피 마지막까지 읽을 분들은 없으리라 생각하고, 그래도 한 
줄은 쓰고 싶어 이렇게 남깁니다. 노래와 연기, 특히 나의 아저씨에서 많은 위안과 
위로가 되어준 이지은 (IU) 에게 감사합니다.  
욕심은 그릇을 채우고, 양보는 그릇을 키운다는 말이 있습니다. 욕심부리지 말라는 
이야기가 아니라 양보부터 하고 욕심을 부려 넘치지 않게 하라는 뜻으로 이해하고 
있습니다. 학위 기간동안 제 좁은 그릇만 채우고선 셀 수 없는 감사함을 넘쳐서 흘려 
보내지는 않았나 생각합니다. 가족을 비롯한 우리 교수님과 선후배들 모두에게, 제 분에 
넘치는 헌신과 지원과 도움에 다시 한 번 감사의 인사를 전하며 평생 잊지 않고 갚아 
나가겠습니다.  
항상 감사합니다.  
 
2020 년 01 월 01 일, 
이 상면 드림.  
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